Oahu Municipal Refuse
Disposal Alternatives Study NEW SYSTEMS RESEARCH FOR REFUSE DISPOSAL

Section A4
Alternative 4, Low-Temperature Pyrolysis
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36,000 t/y Scrap Tires Processing Plant Saqes & of 22

A Process Description

§ Crocess-

This project.is for the turn-key supply in Taiwan of a 36,000 tons/year serap vre
tor S tons/hour

ing plant producing Carbon Black, Oil and Steel for recycling. The plant is rates
capacity, 7,200 hours per year. All Tons ar¢ metric tons.

The process is Vacuum Pyrglygis, QIRANICLCATIQUOTE rdin, g o(‘)ea' WU s immediataly

extracted and condensed into oil. whereas the non-zondensable partis burnt into a furnace. Solid
residues mainly consist of Carbon Black, of steel and fibers as contained in tires, buz also of
whatever way come with scrap lires: stones, gint, ete.

Entire tres of all sizes (cars, mator bikes, trucks) are stored in a sheltsred area allowing for
8 days of processing. The storage area is divided into four zones, to be filled up ang emptied in
turn. Tires are manually loaded on conveyor belts bringing them tc the process arza.

A shredder brings the tires down 1o shards of 2 inches by 2 inches. A classifier system

‘returns the oversized shards to the shredder. The shredder has a capacity of 10 zaas/hour, it

means it will work on an average 12 hours per day. This shredder from Columbus McKinnon,
USA, is a very reliable- machine. Minor incidents can be fixed during tne half-day downr time.
Change of knives blades shall occur every month and do not require more thar a faw hours. A
bucket elevator followed by a main belt conveyor distribute the shards to four ieed hoppers.

From this point, there are four parallel processing lines. Each hopper has 2’92 m? capgacity which
allows for 48 hours operazion.

The section containing the shredder, the classifier, the bucket elevator znd the main bclt ’

canveyor is in a building. The contro! room will also be located in the same building. The rest of
the process area, with the exception of the products condidicning area, is outdoors. All is
equipment located there is totally sealed and waather proof. K

Each processing line, razed at 1.25 tons/hour, has one pyrolysis reactor. Since the process
works under vacuum, the reactor feeding system must take into account the cnsnge from
atmospheric pressure to vacuum, and the opposite for the sclid residues discharge sysiem. This
is achieved by means of pairs of pressure lock vessels: each one in twrn is fed under atmospheric
pressure, then locks and discharges under vacuum into the rezctor while the cther one is fed.
The swizch time is 30 minutes.

Upstream, a first screw conveyor feeds the pressure lock vessels while a3 second one,
under vacuum, discharges the vessels and feeds the pyrolysis reactor. At the outlet, hot
products are discharged under vacuum from the reactor; they first ne2d to be cooled down while
conveyed to the ocutlet pressure fock vessels. This is achieved by means of a water cooled screw
ccnveyor. Then, the vessels discharge at atmospheric pressure on a belt conveyor ccmmon 1o
the four lines. This unit is closed by hoods to prevent dispersion of dust (Carbon Slazk). Tnen,
Carbon Black has to be separatad from the other solid residues [steel, fibers, stcnes, 23¢). This is
achieved first by a belt conveyor squipped with magnatic sesarater o remove the si22!, then oy
a visretung sieve % sort out the Carbon Black from the fiders and otner imerts. Finzlly. ciean
Caraon Black is fed by a3 bucket elevator into a 32 ms hopper which aliows for &3 hours
operation. At the bottom of the hopper. a weighing and bagging machinae fills bags ¢ 20 to 50
kg (1o be decided later). Bags ars manually laid on pallets and transported by fork elevator %o the
warehouse, which'is a separate building for fire safety reasons.

B Conceptual Design
1 Dasign Conditians
3 ) All maasyremant are metric.

b } Design Criteria
- The plant is designed to grocess 38,000 tons cf scrap tires per year. The rated
hourly capacity is S tons.

N
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. - The plant is designed tc operate 7,200 hours per year at rated capacity.

’ - The plant is designed to operate 24 hours per day, 7 days per week. The input
shredder and the output bagging & weighing maching have an hourly capacity of 10
tons/nour, therefore their daily and weskly cperation time may bte azcordingly
reduced; input and output butfer provide 48 hours storage capacity.

IS )

c ) Environmental conditions:

- ' Temperature: 5 to 38°C, average 27

. Humidity: 75 to 90%, averags §2%
- wind speed: max 15 m/s 2t 10 m elevation
Atmeospheric pressure: average 1035 mbar

4 .
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.

d ) Electrical power frequency: 60 Hz

e ) Specifications of tires to be processed: all commercial tires;
typical composition: ' '
- Rubber: 85% consisting of
= Cc 89.
H
S
N
Ash
- Stzel: 9%
- Fibers and inerts: 6%
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f } Medium added 0 the proc2ss: none

o] ) Standards and Codes for manufacturing & engineering design of equipment:
- - Internartional Ocganization for Standards (1SQ)

. Deutsche Norman (DIN)

- American Society of Testing and Materials (ASTM)

- Republic of China Environmensial Protection Agency (ZPA)

h ) Language:’ »
Only English applies to all documentation, equipment labels. and communicazion relztec 10
- this project as provided by ACT. '

.}

-~ 2 P‘lam Layaout

As per avtachmenst.

3 Process Flow Sheets
- .
.T a ) Mass flow sheet: attached
- b ) Energy flow sheet: attached
) 4 Material used for construction

Mechanical feeding means: AlSI 316 staintess steel
Pyrolysis reactors: A!SI 316 Ti stainless steel

. Condensers: AISI 315 stainless steel

Tanks and hoppers: Carbon staal

Conveyor belts: rubber

Structurzs: painted steel
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[ Performance Guarantee
Y ) Equipmant: as par design criteria (8.1.b}

b ) Output Yields

The pyrolysis of tires yields usually the following product mix on an average:

oil 50-85%
Carbon Black 25-30%
steel . 8-12%
fiber 5-10 %
gas 5-8%

The guaranteed recovery of the Carbon Black is at least 85% of the initial amount in the
processed tires. ' )

The yield depends on the guality of the tires: the manufacturing process is not similar for
all, differences are found among manufacturers for the same type and grade, from tires for
light vehicles such as family cars to heavy duty tires for trucks or megavehicle 100 large to0.
be allowed on a pubiic read. ACT cannot warrant any accurate figure within the indicated -
ranges.

c } Output Quality
Carbon Black

The specification of Carbon Black is done with the following analytical methods:

lodine Number: ASTM - D-1510
Dibutyphtalate absorption: ASTM - 3423
Ash content: ASTM - D- 1506

The Carbon Black obtained from pyrolysis of any commaercial tire will be either on2 among
the grages N-307, N-303, N-9390 and N-331 of ASTM-1785.

Oil:

Heat egntent: min 38.0 MJ/kg
typical 40.8 MJ/kg
Waser content: max2 %
. Sulphur contant: max 60 % of Sulphur conter: in tires
typical 0.9 % in mass of oil
6 Environmental Protection
3 ) Emission

The lave! of emission gencrated by the pyrolysis process is very low, with gas yields of &
1o 8% by mass. The main components of the gaseous phase are low molacular mass
hycrocartons which can be easily burnt in a furnace and disposed of a: plart site. Tre
local EPA flue gas regulation will be met anu according stack cleaning equipment wil' t2
included. -

i
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Non condensable 3as compaesition at 500°C:

Component Mass %

Hy 2.6
CHa 4.7
Co 4.7
CO, ' 31.1
CaHa 3.8
CaHs 5.0
CaHs © 2.9
CiHg 4.2
CsHa 27.9
CsHio 2.9
Others 101
Tortal 100.0

b ) - Water effiuents

Whereas Pyrolysis does not generate water, the only water added to the prccess is the
spraying of the tires in the shredder; tires may also have retained rain water in their hollow
parts. Most of this water will be collected aiong the handling equigment, wheras the
remaining part will be eveporated in the reactor and end up in the oil. Qil/water separation
device is providad.

A water treatment unit is included for all water collected from the process area.

c ) Noise
Tha noise level shall comply with'the local EPA requirement for ihdustrial plants‘.
7 Emerger.tcy procedure |
Non standard cperating conditions could be either a temperature rising or an over pressure. The

plant is egquipped with temperature and pressure senmssrs to detect any non-stancard ooerating
condition. If it oesurs. an emergency precedure will stax, whicn mainly consists in reaciers shut

~

dewn and massive injaction of nitrogen in the reactors and in the critical secticns of the lines.
8 Maintenance
a ) Shredder
Maintenance mainly consists in knives blades exchange, approximately every 3,000 tons.

This operation only takes a few hours and can be done off shredder duty time {please refer
to B.1.b}.
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b ) Reacters and lines
Each line will be shut down far complete cleaning and inspection once per vear for a period
of 2-3 weeks. Since there are four independant fines, they can be shu: down in twurn
without affecting the whole plant operation. Besides, occasional flusning may be neseded.

c ) .. QOther devices
All other devices (belt and bucket conveyors, bagging and weighing machine} require
current maintenance. Since hoppers ensure 48 hours buffer capacity, maintenance can

occur at any time.

9 Acceptance Procedure

_ After the plant is erected and in ACT opinion has indicated its capability for sustained operation,

then ACT shall notify Buyer of the plant's readiness for performance testing; the tests shall
commence 10 days after such notification. The duration of the test is ﬁxeq to 120 hours. short
production stops for minor maintenance and repairs shall be accepted. During this period,

samples of Carban Black and of oil will be taken. every 12 hours and checked against the -

specifications given in (B.S.c) The plant is considered as -accepted by Buyer when it has
demonstrated.its capability 1o process 5 t/hour of tires during 100 hours within the 120 haours of
performance test period and to produce on an average the vields specified in (8.5.b) and the
quality of products specified in (B.5.¢). During the performance tests the plant will bs oparated
under the direction of ACT.

When ACT has fulfilled its performance guarantees, the parties shall sign an acceptarice
certificate within 3 days. |f the plant does not reach the performance guarantees for reasons
attributable to the design of the plant and the acceptance carificate cannot be signed. then ACT
shall have a reasonable grace period not exceeding 6 months for fulfilling its performance
guarantees after correcting all defects and/or carrying out necesoary modifications a: its own
cost. .

However, the said grace period may be extended as mutually agreed upon in the event of
exceptional circumstances beyond the control of ACT. If a conflict arises betw=en ACT and
Buyer on the results of the performance test, or any other point, seller and buyer agree 10 sesk
an out of the cour: settlement and commit an iniarnational and reputed inssection Company for
agpcinting an exoert who will give his cginion cn the subject of the c‘is:ut= Ecth paries agree
10 3ccept the conclusions of the said expert, and not o greceec further. If by reasons hayond
the seller’'s control, the seller is prevented from carrying out the performance test runs, the Buyer
shall accepr the plant. If the performance test cannor be carried out within 24 months after
receipt of the shipment CIP Kaohsiung for all the equipment, and such failure is not a’tnbutable
to ACT, the plant shall be accepted by Buyer.

14
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10 Tronsfer of Engineering and. Process Know-how

ACT shall transfer to the Buyer, the latest at the day of the signing tne acceptance cerificate, a
full set of plans, the maintenance manuals, and the operation instructions.

11 Transter of Carbon Black Producﬁon’» '

ACT accepts to take free of any charge during a period of 4 years the solid pyrolysis residue
{SPR) separated from the steel threads and the fibers, the said SPR being made mainly from
Carbon Black. ACT will check the guality of the iots; lots deviating not more than 10 % from the
specifications as per (8.5.c} agreed upon are accepted by ACT, and will be taken over and
removed not later than one month after production. For lots cut of the specification, ACT shall
andeavor 10 find an end user, but will not warrant any time:limit for the removal of SPR; in this
casa, ACT shall be entitled to a fair compensation.

Criteria for ACT ownership of Carbon Black for the firsr 4 years period of plant operation:

- the Buyer shall be responsibie for producmg a minimum annual quantity of 2,000 tons of
Carbon Black,

- the Buyer shail be responsible for baggmg the Carbon Black whereas ACT shall supply the
empty bags at its expenses, :

- the Buyer shall be responsible for s:ormg the Bags of Carbon Black on pallets in the on-site
dedicated warchouse for a period of no longer than one month,

- if the Buyer does not deliver an annual minimum quantity of 9,000 tons of Carbon Black,
then the Buyer will be oktliged to extend the ACT ownership period of Carbon Black for 2
period equal to the production of 36.000 tons (i.e. 4 years * 9,000 t/year) plus one menth,
for 3 maximum pericd of five years. If a total preduction of 35,000 tons is not achieved by
the Buyer within the extended 5 years period, then the Buyer will pay as 3 penaity 1o ACT
the squivalent of US$ 300.00 per ton for any shortfall in the total quantity of Carbon Black
(i.e. 36,000 tons) not producsd,

- ACT shall be responsible to coliect all Carbon Black prcduction in the 4 years perxod from
the warehouss facility, at reguiar intervals of ng greater than on month,

- "ACT shall be respansibic to transport and sell the Carbon Black te any third party buyers,
in any jurisdiction at its own cost.

e — 44 — o et aatemm




ATG

*LLIED TECHNOLOGY GROUP

September 25, 1996

TO. .:acl ~neng
FR: Frank Chm? /W{/L—————

RE: Therr_nal Treatment of Used Tires

The questions that Sophia sent to you is very interesting, we are always interested in this
particular market in Taiwan, and Asia as the whole. We are presently putting all of our
focus in the U.S. and in Low Level Waste. The market in Taiwan is moving faster than
what we had anticipated. However, our company definitely can provide technology,
operating experience and permitting expertise for the project.

The following are the answers to your questions:
4
1. Is the technology that we are using in the U.S. ¢ "f 2’:30\ i 5 j 2%\1 »o

I believe that the translation of the above technology are:
(1) Thermal Destruction
(2) Thermal Treatment - low temperature or high temperature
(3) Gasification
(4) Vitrification
(5) Incineration-

ATG is using all of the above technologies except incineration, in the treatment,
processing and recycling of different waste streams in the U.S..

2. Can the technologies ATG use apply to the treatment of used tires?

Yes. Any of the technology that ATG is using can be applied to the treatment of used
tires. However, most of the technologies that we mentioned above, will destroy the
material. There will be very little end products. If your aim is to get rid of the tires,
most of the technology above will do. If your goal is to recycle usable material from
the tires, you need to use “Low Temperature” process. Low temperature is 600 F or
less. This way, you will recover reusable material for resale. I believe that you want
to use low temperature, instead of high temperature, for the treatment of used tires.
This is in ATG’s case, the recycling of used fluorescent lamps.

47373 Fremont Bivd.. Framon:, CA 94538
(S ags-3ee3 F\ yA33TR
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If you want to recover the material you mentioned on page 4, the most cost effective
technology is low temperature thermal treatment. High temperature thermal -
destruction process will be too destructive and destroy most of the material. Please
keep in mind that the final end products, carbon black( @ }, 42 ) and the oil
(% ’}} i ) are both valuable material and can be resale for a profit.

To build a plant for processing 100 ton per day will be somewhere between $5 to $6
million, depending on how tough is the regulation. (not including a 20,000 sq ft
building)

. ATG is studying the opportunity for the recycling of used tires in the U.S. There is a

change of regulation lately for reuse of the recyclable final products. It seems the
government has finally decided what they want to do. There are a couple of plants in
the U.S. for the destruction of used tires. We believe that the recycling of the used
tires are better and more profitable.

I believe that we have addressed the questions that you have. If they are interested in
such a project, may be ATG can joint venture with them and build the plant in Taiwan.
This is a good business opportunity. ATG’s licensing facilities in both California and
Washington states and working experience with regulators including Cal-EPA, the
toughest in the world, will help tremendously in permitting and building such a plant in
Taiwan or anywhere in the industrial Asian countries.



ENVIROTIRE RECYCLING, LLC

March 1, 1996

Proposed Purchase and Development
of
Tire Recycling Plant

Jack Dempsey
Two Rue Chamonix
Newport Beach, CA 92660
714/640-5332



ENVIROTIRE RECYCLING, LIC
CKLAHOMA CITY, CKLAHOMA

REVENUES QUANTITY REVENUE
PER DAY PRICE  PER DAY PER MONTH YEAR ONE
TIP FEES / TIRE 10,000 $0.20 $2,000 $56,000 $672,000
OIL / BARREL 250 15.00 3750 105,000 1,260,000
CAR BLACK /LB 50,000 0.15 7,500 210,000 2,520,000
STEEL/TON 100 60.00 600 16.300 201,600
TOTAL REV ' $13,850 $287,300 $4,653,600
EXPENSES
DIRECT LABOR $16,800 $201,600
RENT 2,500 30,000
INSURANCE 2,000 24,000
UTILITIES 1,000 12,000
TRANSPORTATION 2,500 30,000
SALARIES 25,000 . 300,000
INVENTOR'S ROYALTY @ 7.50% 29,085 349,020
MISC. 7,500 90,000
TIRE PURCHASE CONTRACT 42,000 504,000
TOTAL EXPENSES $128,388 1,540.620
PROFIT 59.415 3.112.980
PROFIT / TON OF TIRES 123.53
"~ ASSUMPTIONS .

DIRECT LABORS PER DA
PER LABORER PER DAY
DAY PER MONTH PLANT RUN
TONS OF TIRES/DAY EQUALS -
TIRE PURCHASE CONTRACT PER TIRE
FEE FROM STATE GOVT. PER TIRE
LBS CARBON BLACK PER TON OF TIRES -
CENTS / LB. CARBON BLACK
BARRELS OIL PER TON OF TIR
DOLLARS/BARRELSOF OIL "
LBS STEEL PER TON OF TIRES
DOLLARS /TON OF STEEL

SoTt0000 -

Projections contained herein are based on information provided by the process developers and are considered reliable.
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THE SCRAP TIRE PROBLEM

As we enter into what has been labeled the environmental decade, there is a growing movement
in society that is demanding that businesses within this country utilize their considerable resources and
talents to combat a growing number of environmental ills. Much attention has been focused on some of
the more apparent of these ills including: groundwater contamination, hazardous waste disposal, and
paper and'plastics recycling. However, there is an emerging problem that nearly every single person in
the United States is contributing to on.a daily basis, and that problem is the disposal of used automobile
tires.

Each year more than 280 million tires from cars, trucks, buses, and airplanes are discarded in
the United States. Until recently there has been no cost efficient and safe way to recycle these tires or
convert them back into the raw materials from which they were made. The natural decay of a tire takes
more than S0Q years, which is to say that every rubber tire produced since the inception of the automo-
bile is lying somewhere in landfills and dumping grounds throughout the country. Over three billion tires
are stockpiled in existing dumps. The problem has remained very much out of the public eye until re-
cently.

In February of 1990, firefighters in Ontario, Canada spent nearly a week trying to extinguish a fire
which ignited at the Hagersville, Ontario tire dump. “The tires comtain{ed] more ail than was carried by
the Exxon Valdez," said Greenpeace spokesman Jay Palter, as 15 to 16 million tires bumed out of con-
trol. The estimated cost for cleaning up this disaster was placed at $S30 million by Ontario officials. Less
than two months later, a similar fire ignited at a Quebec tire dump containing 3 million tires. Once again,
untold amounts of methane gas and thousands of gallons of oil were released into the environment.

it is extremely difficult to extinguish a tire fire. In 1983 a fire at Winchester, Virginia, bumed for
nearly nine months. According to the Environmental Protection Agency, *...at least 87 significant tire fires
occurred in the United States in 1989, double the number in 1987. In almost every case, the fires were
deliberately set, took days or weeks to extinguish, caused extensive pollution of air and streams, and
resulted in evacuation and injuries to firefighters.”

Evertts such as these are beginning to bring world attention to the monumental disposal prob-
lem of scrap tires and the hazards resulting from their combustion. The attention now focused on this
problem has led to a varied and growing body oil legislation across the nation. Some idea of the legisia-
tive response to this environmental challenge can be gleaned from Appendix A. Yet more than a eye-
sore and a health and fire hazard, the disposal of scrap tires under existing methods represents a
tremendous waste of resources. Locked in the tires discarded each year in the United States is nearly
300,000,000 gallons of ail, almost a billion pounds of steel, 1,400,000,000 pounds of carbon black, and
miilions of cubic feet of natural gas. Existing stockpiles represent oil reserves of 75,000,000 barrels or
over 3 billicns gallons , and enough steel to build a fleet of super carriers, and yet the only portion of a
tire consumed bty its use is the tread. The environmemntal destructicn causad by current disposal meth-
ocs is only equaled by their epic scale waste of resources.

Uniike some of the other environmental issues facing us today, this problem cannot be solved by
reduced usage. Additionally, tires do not create an environmental hazard during their useful life, but
rather only become a problem when it becomes necessary to dispose of them. Any methodology that
could be devised to safely dispose of scrap tires would prove viable on environmental merit alone.
However, there now exists a solution that not only disposes of unwanted tires, but produces marketable
raw materials in the process. Such a methodology is now available through Tire Recycling Technologies
Corporation.



Size and Scope of Problem

For nearty as long as there have been automobiles there have been rubber tires. Unfortunately,
although they may be buried, these tires do nct decompose as do other forms of waste.

The United Stats is the largest automobile market in the world, and appropriately is also the
largest automoabile tire market in the ward. According to the Rubber Manufacturer's Association,in the
ten year period from 1979 to 1988 the following numbers of tires were produced and solid:

Year Passenger Truck/Bus Implement Total

1988 218,790,000 486,021,000 3,682,000 268,493,000
1987 210,792,000 44,428,000 3,480,000 258,770,000
1986 202,691,000 40,553,000 3,001,000 246,245,000
1985 200,918,000 41,131,000 3,168,000 245,218,000
1984 201,637,000 40,817,0C0 3,694,000 246,148,000
1983 182,015,000 36,850,000 3,238,000 222,103,000
1982 167,469,000 33,767,000 3,226,000 204,462,000
1981 165,259,000 35,846,000 4,197,000 205,302,000
1980 145,219,000 31,144,000 4,334,000 181,397,000
1979 174,018,000 38,910,000 5,445,000 219,374,000

Most of these tires have since been bumed in landfills or scattered indiscriminately in underde-
veloped open spaces. According to Tire Business magazine, there are approximately 3 billion tires at
formalized tire dumps in the United States and southern Canada. At the present rate of tire production
and consumption, the number of tires in these dumps will more than double over the next ten years.

Causes of & Contributors to the Problem

Itis not sheer volume of tires discard each year that has created the present problem, but rather
it is a combination of attributes intrinsic in the composition of tires that has hindered efforts. These con-
tributing factors include: 1) lengthy natural decompaosition time; 2) buoyancy; 3) high melting tempera-
ture; 4) production of dangerous emissions when bumed; §) inclusion of steel and carbon black in the
tire.

Like most forms of consumption-generated solid waste, landfills and garbage dumps have been
the traditional mode of disposing of used tires. There are several reasons why this method is becoming
less and less feasible. As mentioned previously, there exists a very real, and increasing, hazard for fires
at the sites. Additionally, the sheer number of tires needing disposal is beginning to overwhelm the
capacity of existing as well as proposed landfill sites. In fact, an increasing majority of landfills refuse to
accept any tires because they do nct biochemically degrade when buried. Furthermore, vibration
causad by the large equipment that generally operates around landfiils, combined with the bucyancy of
the tires, causas the tires to flcat to the to breaking through the cap and resulting in cestly repairs. Final-
ly, tires provice excellert breeding ground for vermin, snakes and insects.

The logical solution to this problem is conversion of the scrap tires back into their original raw

 materials. This has indeed been the aim of many recycling efforts. However, the high temperatures at

which the tires meft and the existence of carbon black and steel befting within the tires have hindered the
development of this solution.



THE ANSWER



o Tire Recycling Technologies Corporation (TRTC) possesses the answer to the waste tire
problem.

TRTC produces and sells under license tertiary recycling equipment used in the recycling of
scrap tire rubber and is currently developing a similar unit for recycling plastics. its current medel for tire
recycling has been designated the TRTM-60. It employs a proprietary catalytic process which trans-
forms pyrolysis, that is, a method for vaporization of organic wastes, into a low temperature, low cost,
energy efficient technology. No other pyrolitic technology curmrently available approaches the efficiencies
achieved by the TRTC process. The key to TRTC's technology is the low temiperature, Le., 450F, at
which the catalytic reaction occurs. Not only does this mean that energy consumption is reduced, but
the component elements of the scrap tire rubber are not subjected to the degracation that occurs at
higher temperatures. The oil, steel, and carbon black yielded as byproducts are of uniformly high quality
and virtually unchanged from their virgin condition.

. TRTC has developed processes for the depolymerization of plastics, tertiary recycling of paper,
recycling of used oil filters and coal gasification. All these technologies are akin to the tire recycling
process. Research has progressed most rapidly in the area of plastics research.

. In a laboratory environment, TRTC's depolymerization process has broken such common plas-'
tics as polystyrene, polyvinylchloride (PVC), polyethylene, polyethylene terephthalate, and polyurethane.

TRTC has had success with all the plastics tested thus far, including aerospace composite
materials such as those employed in stealth technology. No other recycling processes are known for
these materials. Simply on the basis of the preliminary testing performed by TRTC, Sandia National
Laboratories has provided funds to further TRTC's research. More significantly, TRTC's research has
been the recipient of a Phase | Small Business Innovative Research grant from the Air Force for its work
on depolymerization. Interest from the private sector has also been forthcoming, as Fina Oil and
Chemical Company has responded enthusiastically after independently testing the byproducts extracted
through the depolymerization process from polystyrene.

TRTC's tire recycling technology is effective in a high volume, one hundred ton per day opera-
tion, which significantly reduces per unit cost and the costs of recovery of the byproduct. None of
TRTC's competitors are producing units with similar high volume capacities. TRTC offers its customers
the most advanced tire recycling available technology which makes tire recycling profitable.

Tires

The TRTM-60 process was developed to meet the world-wide need for an economically viable
method for the permanent disposal of tires (See Exhibit 2. “The Scrap Tire Problem?). Total quantities of
tires in stock piles and dumps in the United States has been estimated at 3 billion tires. Tires are intro-
duced irto this system through the distribution of new cars (which has been estimated to reach 58 mil-
lion units per year by the year 2,000) and by replacement tires for cider vehicles. It has also been esti-
mated that the ratio of old vehicies to new vehicies is 15:1. The Scrap Tire Management Council has
estimated that there is about one scrap tire generated annually per person in the United States, or
approximately 240 million scrap tires annually. Tire production has been estimated at 260 million per
year. In 1989, replacement tires for all auto, buses, trucks and motor cycles, but not including military
equipment, was approximately 189 million tires. The difference between the estimated 260 million tire
production and use is befieved to be from use by military and on farm machinery and aircraft.

Legistation has been introduced and passed in many siates coqtromng tire disposal, storing,
transportation. Massachusetts, Minnesota and Wisconsin have established programs to eliminate
stockpiles of tires..Fourteen states have adopted or plan to acopt tax measures to proyxde the re-
sources to eliminate tire stockpiles, while thirteen other states have established or will establish

grants or subsidy arrangements for tire recycling and disposal.



The process employed by TRTC is unique in the intemational tire recycling industry in that
operates at an unusually low temperature, 450°F, far below the temperatures at which competing pyroiit-
ic technologies typically function (1 000° F and greater). The low temperature translates not only into
cost efficiencies through energy savings and reduced mechanical wear and tear but also into significant
qualitative enhancement of the end products generated over those produced through altemative recy-
cling technologies. Further, TRTC's proprietary destructive distillation recycling technology enables
TRTC to construct plants specffically designed to process much higher volumes of scrap tire rubber at
lower cost and more simplified operation than in any other available recycling technology. These non-
labor intensive economies of scale mean that recycling has at last moved from the sector of public inter-
est into the commercial arena.

The TRTM-6Q0 Process.

The TRTM-60 technology is proprietary, and no patent application has been or will be filed relat-
ing to the technology. lts feedstock consists of shredded tires. The feedstock is fed into a chamber
where chemical reactions change the feedstock into simple molecular chains. Heat, agitation, and cata-
lysts rearrange the structure of the feedstock into usaktle products including compounds and mixtures
and polyshaped carbon chains. Through a series of metachemical changes, the residuals are made into
neutral products, not harmful to the environment. These products are retreated until they reach a neutral
position in nature. Metathesis is accomplished by chemical reaction using catalysts, dehydrogenation,
alkylation, polymerization, isomerization, hydroforming and thermal cracking. The resuiting products
from the plarmt consist primarily of steel, carbon black and ail. Unlike competing scrap tire recovery
systems, TRTC's is true tertiary recycling: that is, the original elements that went into making the tires,
primarily oil, steel, and carbon black, are reclaimed in near virgin form. .

The entire tire recycling process is a closed system. The only emissions are the exhaust gases
from firing the retort bumers. Because methane and other components of the gas fraction are clean
burning, release of pollutants to the atmosphere is minimal, The only nonresaleable materials from the
process are the small quantities of ash and dirt produced that are landfilled.

The Industry

The waste tire disposal industry is still in its formative stage. Until the development of the TRTM-
60 technology, no adequate solution had been found to address this problem. The Scrap Tire Manage-
ment Council in its Scrap Tire Use/Disposal Study published September 11, 1980, identified five basic -
areas in which waste tires have been used in industry. These are as a substitute for traditional fossil
fuels in cement kilns, paper mills, utilities, and dedicated tire-to-energy faciitties and as an ingredient for
asphalt paving. As a substitute fuel, waste tires provide only marginal savings for the user, while their
use in asphatt paving has yet to be proven viable or to meet the expectations that it will extend asphatt
sarvice life substartially. At present, these industries consume less than twelve percent of the wasie
tires discarded in this country each year.

With respect to recycling, the only tachnology at all comparabie to that developed by TRI1C
is pyrolysis. Such pyroiitic facilities as currently exist, however, involve significantly greater estimated
capital costs than the TRTC process and are unable to handle as great a tonnage of scrap tire rubber.
Indeed as the Scrap Tire Management Council has observed, ‘[tJhe volume capability of pyrolysis is
negligible.® Furthermore, due to the high temperatures empioyed in pyrolysis, the by-products
recovered from the scrap tire rubber are of a much lower, less marketable quality than those derived
threugh the TRTC process. As the TRTC process operates efficiently at temperatures below 450°F as
opposad to pyrolitic temperatures in excess of 1000°F, the oil and carbon black recovered thereby
undergo minimal degradation and have a correspondingly higher market value than pyrolitic byproducts.



Recoverable Products
A, Qil

The oil recovered by the TRTC tire recycling process is a 21.8 gravity extender oil. Extender ail,
or oil with an extremely high percentage of usage fuels, is used primarily to lighten heavier oil either
before or after refining. It can also be used in the manufacture of carbon black and rubber products.
The oil has a high content of kerosene and light gas as well as gasoline.

The TRTC tire recycling plant typically recovers about one gallon of oil per tire. At full capacity,
the plant is capable of recovering 250 barrels of oil per day from one hundred tons of tires.

While it is impossible to predict the future market price for the recovered tire ail, it is anticipated
that the market price will range from $15.00 to $20.00 per barrel in the short term. Assuming the plant is
operating at full capacity for 330 days per year and a $20.00 per barrel market for the cil, gross revenues
of $1,650,000 could be expected.

B. Carbon Black

The carbon black recovered by the TRTC tire recycling process is a semi-reinforcing carbon
biack. North American manufacturing facilities consume nearly 3 billion lbs of carbon black annually, of
which 50 percent are of the semi-reinforcing type.

Carbon biack, when combined with rubber, substantially increases the hardness and durability
of the product. The wear characteristic of carbon black is a function of the particle size, and the ability to
resist wear varies inversealy with the particle size. The finer the particles, the better the rubber reinforcing
properties. Particle size is measured by numerical grade, in nanometers (nm). The highest grade with
particle sizes under 20 nm is designated as super abrasion fumace. The lowest grades are the semi-
reinforcing fumace blacks with particle sizes from S0 nmto 1000 nm.

The manufacturers traditionally use grades 500 to 700 in the interior of the tire, and grade 200 for
the sidewalls and tread. Grade 100 is typically used in the production of very high abrasion products
such as automobile racing tires, while the various other industrial applications use varying grades,
depending upon the performance required.

Because much of the tread has been wom away in a scrap tire, the TRTM-80 recovered carbon
black is dominated by grades 500 to 700. It is this category that is the target market for TRTC recovered
carbon black. In 1990, the market demand for grade 700 was 300 million Ibs. Initia! test results of the
TRTC carbon biack have found it to be a substitute for IRB S carbon biack for which the market price
varies between 30.30 and $0.32 per pound.

A sample of the TRTM-80 produced carbon biack was recently deliverad to the Hules Technicos
Company in Costa Rica, which manufactures many standard black rubber automobile body parts for
Chirysler Corporation and numerous other products. The TRTM-60 produced carbon black was suc-
cessfully incorporated into the manufacturing of rubber products and could also be used as a pantial or
total substitute for IRB 5 carbon black, ether by compression, transfer, or injection molding.

The key to the TRTM-60 produced carbon black is the ability of the TRTC tire recycling plant to
recover the carbon black at a temperature of 450F. Plants operating at higher temperatures in excess of
1000F have demonstrated an ability to recover carbon bilack, but only with a resulting high ash content.
This ash content renders the carbon black useless in rutber manufacturing and has prevented this
byproduct of recycling tires from ever having any commercial application.

While the market price for TRTC carbon black remains to be established, preliminary indications
are that a price of $0.10 to $0.15 per pound should be maintainable.



C. Steel

Scrap steel can be used in a variety of applications, and there is a large and very active market
for such steel. The steel recovered from a scrap tire is comprised of woven steel treads. Thus, this steel
is more easily recycled by a recycler of steel and consequently generates a higher market prica than
solid scrap steel pieces.

In general, 10% of the weight of a tire is steel, assuming & is a steel befted tire. At full capacity,
the TRTC tire recycling plant should recover ten tons of steel per day.

The market price for such steel varies, but generally commands a price of $60.00 per ton. Thus,
gross revenues from the recovered steel of $198,000 could be expected.

Given the effectiveness of the TRTC process, its profit potential, high volume capacity, and rela-
tively low per unit cost, it should attract not only public sector investment, upon which so many recycling
and environmental technologies must perforce rely, but also private venture capitalists seeking high
return. Tipping fees for disposing of scrap tires and investment tax credits can only enhance the allure
of the TRTC tire recycling process to the enterprising investor.



Old tires
now can be
recycled

By CAROLYN RUSHEFSKY
ADVANCE STAFF WRITER

Thanks to new technology, old
tires now littering vacant lots and
landfills can be recycled.

The new system breaks the
tires down into the oil, steel and
carbon black — a sooty material
used to produce rubber, ink and
plastic — from which they origi-
nally were made.

Proponeats say the recycled
materials are exactly like new
raw materials, except they're
cheaper.

What's more, the recycling sys-
tem fuels itself with methane gas
produced in the recovery process.
And it does this without pelluting
land, air or water, said Roanald
Wilder, president of Titan Tech-
nologies of Albuquerque, N.M,
which developed the system.

STATEN ISLAND ADVANCE
Friday, October 22, 1993

Wilder discussed the new tech-
nology yesterday at a Manhattan
press conference, noting it was
invented by Floyd D. Wallace.
who has been inducted into the
International Inventors Hall of
Fame for his work.

For every ton of rubber pro-.
cessed, the new system recovers
212 barrels of oil, which is exactly
like the oil the United States is
now importing, he said.

Three billion tires are currently
making eyesores of themselves in
this country, and 250 million more
are added to these piles annually,
he said.

“The recycling system is highly
profitable, cost effective, energy
producing and pollution free,”
Wilder said

The first two units will be ready
for sale in Novembher at a cost of
$3.8 million each.

And while the system would be
an excellent investment for cities,
early customers are likely to be
from private industry, he said.

“It takes time for cities get
their act together and fioat
bonds,” he said.

Wilder noted that Titan has a
similar system for converting
plastics into hydrocarbons for re-
use as chemicals or fuels.
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Titan opens pyrolys:s
plants in South Korea

By Bryan Kokish
Crain News Service

ALBUQUERQUE, N.M.—Working
with a South Korean firm, Titan
Technologies Inc. has opened two
pyrolytic tire recycling plants in
South Korea.

Under Titan's supervision, Dong
Kook Steel Co. Ltd. built and oper-
ates the plants, which are located
in Chung Ch’u and Pae Gu.

Using a low-temperture (450°F)
pyrolysis process, each plant is ca-
pable of converting 100 tons of
tires annually into usable by-prod-
ucts: oil, steel and carbon black,
said Titan President Ronald L.
Wilder.

One hundred tons of tires pro-
duces 250 barrels of oil, 50,000
pounds of carbon black and 15
tons of steel, he said.

Albuquerque-based Titan de-
signed the plants, which Mr. Wild-
er estimated cost $3.5 million

apiece to construct, not incuding
their. shreddmg operations. The
scientific engineering and manu-
facturing firm also provided train-
ing services to Dong Kook.

The project began in July when
Titan entered into an agreement
with the South Korean govern-
ment to build the two tire recy-
cling plants.

“The reason for the Korean in-
terest in our recycling process is |
simple: The government of Korea
has mandated that its industries -
recycle waste,” Mr. Wilder said.

The self-contained Titan system
uses catalysts to enable the break-
down of the tires at much lower
temperatures than conventional
pyrolysis systems, yielding prod-
ucts that are more commercially
viable, Mr. Wilder said.

Titan acquired this technolo-
gy—which also is applicable to
plastics, Mr. Wilder said—in 1990
from inventor Floyd Wallace.

343 per year, $33.00 ger
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By DavE KanSAS

Catalysts and Beams
Take Aim at Wastes

ASTE-TREATMENT re-
! N / searchers are exploiting new
thermal techniques.

Severa! companies are working
on methods to break down hazardous
waste into reusable elements to avoid
the traditional ‘‘burn, landfill or do
nothing” approach. Most of the new
thermal technologies don’t burn the
waste, but instead craate high-heat

environments to trezk dowmn chemi-

cal compounds. ,

Titan Technologies, Albuquer
que, N.M., uses catalysts to break
down tires into oil, carbon black and
ash. “Flames never touch the tire,”
says Ron Wilder, chief operating
officer of Titan, which has a proto-
type plant in Bradley. Okla., and is
“building two plants in South Korea.
The company’s pLoc ss uses the
emitted gases from’ the tires to

FRIDAY, JANUARY 21. 1994 B1

fuel tne heating process, thereby
eliminzting emissions problems, he

says.
Titan's technology could help deal

‘with the nation's vast tire-waste

problem, which is pardally ad-
dressed now by shredding tires and
putting them in road-paving mix-
tures. But environmentalists express
concern atout the disposal of the ash
and the quality of the end products,
such zs carbon black, which is oftzn
used in sace hesls,

Severz! other companies push
specialized waste solutions, includ-
ing Molten Metal Technologies, Wal-
tham, Mass. The company uses mol-
ten metal baths to break down haz-
ardous wastes into their elemental
parts. Zapit Technology, Santa
Clara, Calif., uses electron beams !0
break down contaminant molecules
in soii, air and ground water inlo
carbon dioxide, water and salt.



B L e
g

After the chips have compietely passad through the 200 feet of stainiess steel retort, with low heat and catalytic action, they have
been converted irmo remaining basic slements, i.e. carbon black and steel. The carbon black is recovered from the tank and then
screened, stc., and prepared for marketing. The steel that is recoverad is elevated up the cenveyor and deposited in the holding
tank whera it is held until being trucked to market.
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The rae oil storage tanks have a capacy of 630 bavsis of oil. The tanks are seaied anc the jases hat accumulate are retumed to

the carzai processing unit where ey will go through the sntire systam again o récover a bit more oil.



EXHIBIT 1

VISUAL DESCRIPTION OF THE COMPANY'S BRADLEY PLANT

The tire chips are placed in a steel comainer and transportad on & moving floor to an auger at the far right end of the conveyor. A
conveyor then moves the chips to the discharge point in the preheating chamber.

The chipe then movs into the preheating chamber. The chipe are heated 1o spproximately 200 10 remave any moisture. The auger
moves the chips to the antry point.



The chios are discharged from the preneating chamber into the central processing plant, The chips are processed through four
fifty-foot stainlass steel chambers and maved through the system by stainless steel augers. The rubber chips react with the low heat
and the catalyst so that the hydrocarbons are convertad into gases.

The gasaes mcva via the cverhead steel pipe irto SLal SONCErsers anera the jases Ke tocied and the oil is recovered and pumped
imo the storage tanxs, The twrbine pump, seen in Ne ‘Owar NGET NANC SCMar I N SICUre, 'OUMs Unused Jases into the main
procasaing unt. Uimatety, these Gases will retum o e condensers and e i wiil De recovered,
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EMISSION SUMMARY

NOx 11.6 TPY
CO 232 TPY

Non-Methane 0.61 TPY



MATERIAL BALANCE:

Typical Product Material Balance
(Based on One Ton Product)

’ IN (Ibs) I OUT (lbs)

Tire Chips 2000 --

Carbon Black 600.00

Liquid HC | 665.97

HC Gas 424.03

Steel & Nylon 304.26

Dirt & Water ‘ L 5.74
2000 lbs 2000 lbs

ENGINEERING CALCULATIONS: (EMISSION ESTIMATES)

Product Thruput per year -
(60 tons/day) (365 days/yr) = 21,900 tons/yr product

Fuel Gas Produced (Burned in process) per year -
(424.03 lbs gas/ton product) (21,900 ton product/yr) = 9,286,257 Ibs gas/yr

AP-42 Emission Factors from natural gas fired burners:

100 1bs/1,000 MCF fuel
20 1bs/1,000 MCF fuel
53 Ibs/1,000 MCF

NOx Emissions
CO Emissions
Non-Methane Emissions



Fuel Gas used in Process closely resembles CH, (Methane) in Natural Gas.

Annual"Gas Usage (from calculations above)

-

(9,286,257 Ibs/yr) / (0.04 Ib/cu.ft) = 232,000 MCF/yr

therefore:
NOx Emissions = (100 1b/1,000 MCF)(232,000 MCF /yr) = 23,200 Ib/yr

(23,200 Ib/yr) / (2000 1b/ton) = 11.6 TPY ~

CO Emissions = (20 1b/1,000 MCF)(232,000 MCF/yr) = 4,640 lb/yr

(4,640 lb/yr) / (2000 lb/ton) = 232 TPY

- Non Methane = (53 1b/1,000 MCF)(232,000 MCF/yr) = 1230 Ib/yr

(1,230 Ib/yr) / ( 2000 lb/ton) = 0.61 TPY
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' BACK TO THE
BASICS

A shredder prepares
tires for processing.

Heated to 450°F, Methane and ¢
shredded tires other gases
break down in are recycled
the gresance of to fuel the
catalysts. process.
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The Tiroa zrscass Sracks fires dows [t szerstes af lower temperatures then
other rirz-meiting systams. so it r2czvars Sgn-quelity products.

says the EPA The resc are increasingly being banned from
overcrowded landfills: Seventeen states formd tires in land-
fills em:rely, while 14 more permit only shredded treads.
“Ban them and you Jusg. gt 5ig ailes elsewhere,” says Michael
Blumenthal, executive dirsczor of the Scrap Tire Manags-
ment Cou.nc'x in Washingzon. “The longer you wait, the bigger
the probiem.”

The world's largest pii= is in "Westley, Calif., where an es-
timazed 34 million serap tires await the mxllefxnmm Cov-
ering a' cus 180 acres, the :ile reaches six stories high in
spots. 12 southern Connacuicus, the owners of the 30 acre
Tire Pond are stashing tires "1cenvater—avoxd1ng prob-
lems with mosquxcoes anc fire. The 140-foot-deep pond, a
former clay pit, has 13 miilion tires and is only half full.
Ducks aa"c’e along its rubzer shereline.

Lika <he nre piles themseivas. however, the potential so-
lunigns 2o legien. [T there s :;:'x‘;’ard use for a bald tire,
t 2 me - _--~edoas fuel - oo coo:ozoand incerporated in-
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to new products like hockey pucks, mud flaps, and springy
floor pavers. Most intriguing of all options are technologies
that break tires into their reusable chemical components.
Why has it been so hard to get tire recycling on the right
track? For an answer, you have to look behind the treads.
From the tiniest tricycle wheel to the monsters that voll
tractors, tires have similar ingredients. They typically com-
bine several types of natural and synthetic rubber. fabric.
steel, and carbon black (a sooty ingredient also found in shoe

- soles, inks, sealants, and paints). Each of these ingredients

must be recycled separately, unlike recycling, say. an alu-
minum can.

Complicating matters—and making simple tire remold-
ing impossible—is that tire rubber is vulcanized. The sulfur
and carbon in the rubber bond inseparably during manufac-
turing. So, in contrast to that aluminum can, old tires can't
easily be made into new ones. “Think of {[rubber] as an egg.”
says Helen Patrauskas of Ford. “Before you cook it. you can
make all sorts of things. But once the egg is hard-
boiled—similar to what happens when making a tire—vour
only option is egg salad.”

Albuquerque, N.M,, is so promising: Developed partly

with research grants from Sandia National Laborate-
ries, the Titan system reduces tires to their components.
And unlike pyrolysis—a costly, long-known alternative that
vaporizes scrap tires at more than 1,000°F—Titan’s process
works within an oven-heat range that Betty Crocker would
find familiar. The temperature stays around 4350°T, so the
end products are not degraded or burned away as with py-
rolysis. “Just as fried eggs turn black if you turn the heat up
too hot, so will oiis from tres,” says inventor Flovd Wallace
of Lansing, Mich. The key to Wallace’s low-temperature pro-
cess: seven proprietary metallic and inorganic catalysts.

In Wallace's machine, shredded tires are first preheated
to about 200°F to remove moisture. Augers then move the
chips through a hotter stainless-steel chamber that is about
200 feet long. Along the way, the chips react with the cata-
lysts to create hydrocarbon vapors, carbon black, and ash.
In the final step, the vapors are condensed to derive oils
that can be used as home heating fuel or to lighten heavier
oils, and the remaining gases are sent back through the svs-
tem. During tests at a pilot plant, each 20-pound auto tire
yielded about a gallon of oil, six pounds of carbon black,
three pounds of steel, and a half pound of ash. The system
also recovered about 25 cubic feet of methane gas per tre,
which is used to power the machinery. Two Titan plants
opened this summer in Korea.

Oils could aiso function as a tire solvent. Texaco, for one,
is ~=*<::er.me'1::ng with dissolving shredded tires in oil at
700°F. This creatas a light oil that can be refined into diesei
gas, heating fuel, and other chemicals. The process also pro-
duces a smaller amount of heavy fuel oil. And University of
Wyoming engineers are “co-recycling” scrap tires and waste
oil in a two-step thermal process that yields gases and oils.

A patented system from Avraam I Isayev, a polymer engi-
neer at the University of Akron, uses sound as well as heat
to break down the chemical bonds in tires: Tire crumbs are
heated to about 400°F, then blasted with 20,000 cycles per
second of ultrasonics (just above the highest frequency the
human ear can discern) and compressed at pressures up to
several thousand pounds per square inch.

“The rubber goes in solid and within milliseconds be-
comes a highly viscous {luid, like bread dough,” says Isayev.
With additional curative agents, he says, the doughy mate-
rial can be molded into new products. A prototype machine
handles 30 pounds of tires per hour; [sayev aims to increase
that o0 several thousand pounds per hour.

|Comtinucd nn e 374

That‘s why a process marketed by Titan Technologies of -




Mired in tires
[Contunwued frean page (+1}
- Though promising, these new tech-
nologies for hreaking down tires re-
main costly. And they may not be able
to handle the sheer volume of tires. In-
stead, many tire experts pin hopes on
incineration. Lafarge Inc. in White-
hall, Pa., for example, is among the 22
U.S. cement kilns that burn tires for
supplementary fuel. Electric-utility
power plants, paper manufacturers,
and other industries also burn tires.
As fuel, you could do far worse than
to use tires. Each pound of tire provides
12,000 to 16,000 Btu—slightly higher
than the same weight of coal. One mil-
lion tires can replace the equivalent of
500 truck loads of coal, according to
Goodyear, the world’s largest manufac-
turer of rubber products. Tires also
burn cleaner. That same one million
tires used as fuel in place of coal would
reduce carbon-dioxide emissions by
19.5 percent, Goodyear claims.
Leftover tire ash, which is essentially
unusable in other processes, is actually
a bonus in kilns, says Terry Dengler of
Lafarge. There, the ash becomes part of
the cement; the iron oxide from the
steel in tires improves the cement’s
strength, says Dengler, and saves

the company the trouble of adding it.
In Whitchall, Lafarge has bheen
burning 2,000 scrap tires a day for
about a year. The tires supply 30 per-
cent of one kiln's fuel. At the plant,
tires ride a ski-lift-like “hanger” to the
kiln. Near the kiln entry, incoming
dirt-encrusted tires have coated every-
thing with a thick layer of dust, like a
haunted house. But the automated
machinery’s noise is enough to wake
the dead. Walk beside the cylindrical
kiln, where interior temperatures
reach 3,700°F, and its radiated heat
suggests a miniature hell on earth.

eyond breaking down or burning

tires are ways to turn tire pieces in-

to new products. So-called rubter-
maodified aspnalt, for instance, can hold
a lot of old tires: A mile of roadway 36
feet wide and three inches thick uses
16,000 chopped tires. The 1991 Inter-
modal Transportation Efficiency Act re-
quires that five percent of federally fi-
nanced asphalt laid in any state must
contain recycled rubber; in 1997, the
minimum wiil rise to 20 percent. A tire
road will last twice as long as regular as-
phalt, says the Nadonal Solid Wastes

Management Assaciation in Washing-
ton, although it is more difficult to recy-
ce and may cost more to maintain,

Vehicles that roll along those roads
will also contain the broken bits of old
tires. Syntene of Richmond, Ind., mixes
powdered tires with other plastics in a
patented process. One tire produces 250
brake-pedal pads, containing at least 50
percent scrap tires. The pads should be
available on Ford mddels by year’s end.
Ford may eventually use the recycled
tire material in other pedal pads, carpet
backing, splash guards, and weather
seals. Chrysler and National Rubber
Co. of Canada are also teaming up to
make steering shaft seals and fender
liners with ground tire rubber.

These new products will only make

A small dent in the U.S. tire pile.

Says Jack Zimmer of Goodyear: “You
can only make so many swings and
roadways with old tires.” Even burn-
ing rubber can reach a point of no re-
turn; when tires exceed 30 percent of
kiln fuel, for example, their chem-
istry adversely alters the cement'’s
curing process.

So ultimately, says Zimmer, “We'll
need a combination of many ideas.” gz
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RECYCLINGNENS

Tired of Tires?
Recycle

Right now, there are more
than three billion used tires
piled up around the Uniced
States. Another 250 million
are added to the heap every
year. The tires collect rainwa-
ter that breeds insects.

Occasionally a dump catches
or is set on fire, releasing a
thick black cloud of toxic
pollutants. But there have
never been effective merhods
for recovering the materials
used in tires. Now, represen-
tatives of Titan Technologies
of Albuquerque, New Mexico
say that their company has
found the way to recycle
tires.

The Titan system uses
relatively low heat for rires,
around 450 degrees. Other
systems operate 1,000
degrees hotrer, producing
unstable breakdown prod-

ucts. By contrast, the Titan
system breaks tires down into
the oil, carbon black, and
steel from which they were
made. These raw materials
can then be re-used.
According to company state-
ments, the Titan process is
cost-effective and self-con-
tained to eliminate air pollu-
ton.

Research on the process
has received support from the
U.S. Air Force and Sandia
National Laboratories. Last
November, Titan opened two
tire recycling plants in the
Republic of Korea (South

Korea). The plants will be
operated by a Korean steel
company to comply with the
Korean government’s require-
ments for recycling of indus-
trial waste. For more about
the Titan process, contact
Titan Technologies Inc., 3202
Candelaria NE, Albuquerque,
NM 87107; 505/884-0272.
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Id tires into oil: Superefficient recycling procsss transforms discarded
tires from a nuisance into a cheap sourcs of gas, carbon and other natural
resources.

Background: There are more than thres billion discarded ures in the US.
Each vear, 250,000.000 more tres are cast off. Mountains of old tires are not
only an evesore. but also a fire hazard and a bresding ground for mosquitoes
and rars.

Problem: Existing tire-recycling processes are slow, inefficient “batch”™
operations that operate at 1. 300 degrees fahrenheit. The high temperatures
render the by- products less usable...and these processes release huge quanti-
ties of air pollution.

Solution: Condnuous catalytic process uses low heat (430 degress) to va-
porize tres into the raw materials from which they're made. One vear’s worth
of discarded tires yields 250 million gallons of oil...1.2 billion pounds of car-
bon black...750 million pounds of stee! (from stes!-belted tres)...and several
million cubic fest of nawral gas. Borzus Related process turns plasiic into hy-
drccarbons usable as chemicals or fue

Starus: Plants using the new prccess ex; cr2c ¢ zo on-line in Norea in De-
cemmrzer. Plans for US-basad plants are curmsndy encer discussion. Licensing
OppOrTunicy.

Deails: Ronald L. Wilder, chief execudve officer, Titan Techrologizs, Inc.. 3202 Candelaria NE, Albu-
querque, New exico 87017.
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N.M. firm is ready to roll into the tire recycling industry

ROBERT METZ |

EW YORK - ONE OF THE NATION'S MA-
jar resouress is currently cluttaring the.
countryside, serving primarily as a breeding
ground for mosquitces and posing a fire
threat. The “resource” is discarded tires, some
3 bﬁhon of them. More than 250 miilion discards are add-
ed to the stockpile each vear. [n addition. scientific re-
finement has rendered tires v.riually indestruetible. No
longer made of rubber. they're composed of sophisticat-
ed petrochemical mats moided over stee] wire mesh.
Only 10 percent of a tire is actuaily consumed as it
rolls down the highway. Only the tread is lost. worn
way in contact with the pavement. The residue is an
etermal headache. Exposed to the eiements, the discards
would survive 300 years. In droll commentary, one ana-
lvst says it is possible that the frs: tire made is still out
Tire carcasses pile up inevery state. Consider this:
At an Oklahoma City landfill 10 million tires were cut
into 6-inch square “chips,” a {irst step in a disposal meth-
od used in several approaches. The tire mound rose 100
feet. A man who stood at the foot of the pile said a bull-
dozer ac the top of the heap looked like a Tonka Toy.
" Millions of oid tires never get to the chip stage. Tire
‘areasses are buried in many landfills. But they don't

stay buried. Natural vibration causes them to rise to the
top. For decades, farmers have been paid to roll old tires
onts their barren fields or into their ravines, Stacked tire
carcasses cates fire all too frequently, Once alight, they
are wugh w put out. Four years ags an enorrmous pile of
old Zres caught Sre in Canada and blazed so relentlesuy
thaz it cost 350 million 0 exzaguish e James

Engineers have mmed concoiled burning, but emis-
sion levels are unacceptable. Others reduce discurds 0
serap stael and a mealy ruboery residue that is added to
asphalt used to blacktop roads. Critics say the mix re-
sults in much costlier roads.

Eater Titan Technologies of Albuquerque. N. M. 2
public company with rights to a patented cawlytic reduc-
tion process. Titan says doesn't burn the carcasses. it
bakes them. Titan's secret cawlytic baking drums heat
those 8-inch square tire chips 3t mere housenold oven
temperatures - about 450 degrees. This causes them to
give aff thetr hydrocarbons as methane g3s and as {uel
~il The carbon biack is alse bled away.

Titan says the reclaimed cardon is purer than com-
peting cardon black {rom general chemical munufactur.
ers. The scrap steei is sold for reuse as well Ronald
Wilder, is president Titan Tecanologies. A former Texas
oil man. he displays a natural charm. He speaks fervent-
ly in comparing his company’s process with those of the
compesgon,

He states that wnhen 2 Calormia zompany Ted 0

use rubber chips as a fuel the emissions were “very
dirty.” Elsewhere, cement manufacturers burned chips
to kiln-dry cement. Emissions were aiso very dirty. Ex-
Teme temperatures used in other processes he's famuiiar
with are “harmiul to the materials,” he savs. [n Titan's
pracess, “No fire touches our materials.”

Titan works wich closad systema that have faw emis-
sions. The gasas produced heat the gvens. Titan plants
are designed for “high volumes” of 100 tons 2 day, That's
more than some rival systams, So unit costs are lower.

Titan acquired the technology in 1990 from Floyd
Wallace. The invention earned Wallace a place in the [n-
ventars [nternational Hall of Fame. which-inciudes the
inventors of the floppy disk and the laser, Wallace and
Titan scientst Dr. Ronald Allred are now appiying the
techroiogy to the recyciing of plastics.

As so often happens, Titan found its first customers
abroad. specifically in Souch Korea. One reasen: The
goverament of Korea mandates that every industry must
recycle. Dong Kook Steei Material Co. Lid. and Hannam
Co. Lid., are each building 3 recyciing plant in South Ko-
rea under agreements with Titan’s wholly owned operat-
ing umc. Tire Recveling Technologies Corp. TRTC is
building and wiil deliver its own sealed. proprietary cata-
lytic drums to the customers.

Wilder says he isn’t worried about losing TRTC se-
crets. [t would be a2 “miracle” if anyone learned how to
make the catalysts. he said. The chambers themseltves

ars 3 quarter-inch stainless steel and the catalyses are
strategicaily “seamed in,” he adds.

Titan Technoiogies ok over 3 corporata sheill whese
shares were dormant. They began trading again in Au-
g2s¢ on the over-Lie-counter marxat under the symbal
TTTET ac $l ashare. The stoek is now 31.25 5id and
$1.73 asied. Titan is working on orcers in the United
States. None have clcsed as yet One tire processor o
the south cencal Unitad States is said to be -segouax:ng
for plants o be built in the South.”

'ﬁunhasmmmdmmdzusﬂlmm
start-up phase of its existerice. Shares of such comparses
tand to be volatile, reactve to rumor and more vulner- .
able in cases of stock markat recreats than shares of es-
tablished companies.

The Wall Street Mill

For axamples of just how perious investing can be
during record high stock prices, consider Eagle
Hardware. Eagle's shares fell 25 percent in three dayson
disappointing earningy. Oracle Systams dropped 10
percent in a day an an analyst's downgrade, Borden also
joined the casualty lise. down 10 percant, when it began o
look like 2 long-term restracturing candidate mather than
an earty sell out

Ro0c™ Moz 3 2 e led wmer
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Titan develops tyre
& plastics recycling

Titan Technologies Inc., the US engineering firm,
estimates thart a plant processing some 100 tons (91
tonnes) of scrap tyres daily using its proprietary tyre
recycling technology, could generate potential annual
revenues in the order of $4 million. Titan aims to
manufacture tyre recycling plants through its wholly-
-owned subsidiury, Tyre Recycling Technologies
Corporation. According to Titan, its catalytic
technology trunsforms conventional pyrolysis into a
low-temperature process which operates at below
450°F (232°C) Lo recover hydrocarbons, steel and
hich.grade curbon black from used tyres. The

any is also examining the potential of the
| .ss for scrup plastics recycling. Titan says it
pruposes to ofter §§ million of its stock to advance its
research and Jdevelopment of its plastics technology.
In 1992, Titan designed and operated a commercial-

scale tyre-recycling plant in the US with a daily
capacity of 100 tons of scrap tyres. Scrap tyres are
broken into chips which pass into a pre-heating
chamber at 93°C to remove any moisture. Using
augers, the chips then pass through a stainless steel
retort, totalling some 200 feet (61 metres) in length,
where they react with the catalyst to form hydro-
carbon vapour and solid products. The vapours are
condensed to form liquid fuel and the remaining
gases are recycled in the system. Titan says the plant
was able to recover about 250 barrels of fuel-grade
extancder oil, 30,000 lbs (13.5 zonnes) of steel and
50,000 ibs of carbon biack daiiy.

Following the development of this plant, Titan sold
almost all the marketing rights of the recycling
technology for $1.65 million to Geotechnologies
Corporation, a US firm owned by Dong Kook Steel
Material Company Ltd., the South Korean steel
fabricator. In mid-1993, Titan licensed its first two
commercial plants to Dong Kook, which was to have
opened its first commercial plant in South Korea in
Navember. However, Titan told Heznews that con-
*ion permit delays mean that it is likely to be
_eted in early 1994. The second plant is to be
«..astructed after the first demonstrates successful
commercial operation. Titan says its co-operation
with Geotechnologies and Dong Kook will enable it to
capture the entire South Korean market for tyre

recveling equizpmen:.
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Titan's tyre recycling process

There are an estimated 2-3,000 million scrap tyres
stockpiled in the US and a further 240 million tyres
are discarded each year, according to the US Scrap
Tire Management Council. According to industry
reports, no more than 20 million scrap tyres are
reused in the US annually, says Titan. Recycling the
scrap tyres discarded in the US each year would
produce an estimated 454,000 tonnes of steel, 1.14
million m3 of exzender (fuel) oil, 635,000 tonnes of
carbon black, and "milliens of cubic feet of natural
gas®. Titan states that the successful operation of its
plants in South Korea would lead to "brisk and
steady sales of its plants world-wide”.

CONTACT: Titan Technologies Inc., 3202 Candelaria
NE, Albuquerque, NM 87107, USA. Tel: +1 505 884
0272. Fax: +1 505 881 7113.
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By HEID! SCHULMAN

NOVEMSBER 13,1993

A New Spin
on 0ld Tires

WHO SAYS THEY DON'T MAKE
tires to las:? The more than 3
billion trashed tires currendy
piled high in landfills across
the United States won't de-
grade for 500 years. and the
piles are growing at a rate
of 250 million tres eaca
vear. Enter Titan Technoio-
gies. Inc. The Albuguergue.
N.M.-casec engipeering anc
manufacnring Srm has cevel-
oped a new commercial recy-

CHARRINCTON = {MPACT VISLALS

3

NEWSWEIX FOCUS [

cling svstem for those junked
wheels. In Titan's new proc-
ess. a catalyst heated to 430
degrees Fahrenheit breaks
down the plastc in the tres.
recducing them to their ele-
mental oil. carbon black and
steel. The raw materials are
then resold to manufacturers
for a variety of new products.
The Titan process works at
lower temperatures than ex-
isting processes and. as a
result. procduces more use-
ful. higher-qualicy bvpreducts
while creating less air pollu-
ten. Titan plans to cpen its
first two tire-recveling plants
in South Korea this month.
and. says company spokes-
man Al Bellenchia. sales of
commercial svstems in the
United States are not far
cown the road.
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Jevelapments to Watc

EDITED 3Y RUTH COXETER

A COOLER WAY
TO MELT JUNKED TIRES

he 3 billion discarded tires in the U.S. are a blight on the
landscape—and a waste of natural resources. Titan Tecanol-
ogies Inc. in Albuquerque says a secvet brew of catalysts
heated to 450F breaks down tires into their components—oil,
carzon black, and steel—whica can then be reused. Titan
says other processes require temperatures of L.OOOF or high-
er, create more pollution, and produce fewer useful byprod-
ucts. Anocier Titan blend of cataiysts breaks downm piastes
ard composites into simpie hydrocarbons for reuse as chemi-
cals and fuel In tests, Titan has broken down plastic beads
that the U.S. Air Force uses to blast paint off aircraft, says
1st Lieutenant Phiilip P. Brown. an environmental research en-
gineer at Tyndall Air Force Base in Panama City, Fla.
Titan's tre technology, acquired from inventor Floyd Wal-
lace in 19€0, is turning heads.«Geo Technolegies Corp. in Or-
nge, Calif.,, which has worldwide markering rights. has sold
svsiams o t%0 Korean companies. They are nearing com-
pietion of tre-recycling plants based cn Titan's desigz. says
Geo Vies-Presicent Joon E. Pasd

BUSINESS 'WEZX/NCVEMERR 3, 1591 99
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Titan Technologies Inc., of Albuquerque,
NM., has developed tire and plastc recycling
systems that use a low-temperature conversion
process t0 break down the products. Tires are
heated to 450 degress Fahrenheit to return them to
their natural components of oil, carbon black and
steel. The same process is used for plastcs and
composites to recycle them into low molecular
weight hydrocarbons for reuse as chemicals or fu-
els. Contact: Al Bellenchia, (212) 338-0610.
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Bradley is center of world attention this week

Tire recycling plant to help revolutionize discarded tire problem worldwide

tside Rradley hrocesses p
uces 28 tons of catBon bluck (soe fur left of
steel hiid enoujgh Hatural gas to fuel the
ve system. {Expiress photo by Vera Alexand

s prototype low-heat catalyst tire nﬁcyﬂlﬁ( plant ou
ve - approximately 10,000 auto tires - a day and prod
0l0), 250 barrels of §7% pure crude oil, 18 tons of

ichinory of thls nan-polla

By VERA ALEXANDER
Express Reporter

History is In the making In

. Grady County, Oklahoma. A reve-
iutionary naw process for tire re-
ceycling has beon daveloped In the

Dradley area.

Thera are thres Lillion old tires
stockpiled in the United States
with an additional 260 million be-
ing discarded annually and requir-
Ing 500 yeoars to Liodegrade in the
fandfills. Burnlng tires, as an al-
ternative to landfills, also creuntes
environmental problems by pro-

_ducing toxic sulfur dloxide Anes
which pollute the alr. ITe tochnol-
ogy now belng used to recycls the

.component slements of tire rubber

- oll, stoel and carbon black - oper-
ate at temperatures of 1,200 de-
gress Farenheit and more, burn-
ing up much of tha usable by.
products. There is alea a problem
with separating the coinponenta.

- The new process, ownad by
Titan Technologles of Al
buquerque, New Mexico, was
invented by Floyd D. Wallace who.
was |nducted iInlo the Inventors
Intsrnational Hall of Fame for thia
non-polluting proceas of recyclng
tires. o

The self-contained Titan Ure re-
cycling syatem ls activated by low

heat catalysts (460 degrees F.) to _

veturn discarded tres to thelr nat-
ural components of oll, carbon
black and steel. The process also
produces natural gas which le
used to fuel the system. The stoel ls
pure stesl, the oil 1s 87% pure

. crude oll and the carbon black is

ready to use egaln. The prototype
system can process 100 tons of
scrap tires a day (approximately
10,000 automabile tires) and pro-
ducas from them - 250 barrels of
high-quality dil, 16 tous of steel, 25
tons of catboa black and the natu-
rul gas for fueling the mechinery.
"Each the produces about $1.60 In
chemlcals ufler processing,” said
Joff Wilder, head of resenrch und

“development for Titan.

This week officials from the
Korean government, Samaung
Englineering, Hyundal
Industries, the goverument of
Crechoslovakia, Sunbelt Tire

Recyeling, Inc. of Dallas snd ihe -
. Tulea.based Bave Our Childrens’

Environment organization were in
Qrady County to see the system
which hias been In ressarch and
development fur three years.

The Korsan gavernment {a col-
laborating with Samsung and
Hyundal and is acheduled to open
two Titan Ure recycling plenta this

Heavy |

month In conjunction with the
World's Fair. The
Caechoslovakians are looking into
construction of one or more of
thess Income-producing systems.

Richard Crockett aof Sunbelt
Recycling, Inc. sald "Wa are build.
fng 10 of thess plants across the
southeastsrn United States, na well
as one in Oklahoma and three in
Texas, the first ons, in Hanmlin,
Texas, already hss funding in
pluce and Is expected to provide 26
Jobe with an annual payroll of
about $400,000.7 "Sunbelt ix cur-
rently negotiating with the Suve
Our Childrene” Environment or-
ganization to put a tire-recycling
plant la a vacant 1,600,000 square
foot plant, originally owned by

B.F. Goodrich, we have in Miami,
Oklahoma,” stated Wayne Ford,
president of 8.0.C.E. :

“Ihe problem of disposal of
scrap tires fa a world-wide prob-
lem. We have talked to business
people and gavernment officials
from almoat svery lndusteialized
nation in the world. We all need
thia technology snd we sre vory
pleased to bring it to the world
marketplace,” said Ron Wilder,
chiel operating officer of Titan
Techinologies.
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Titan Tech attacks
tirerecycling mess

NEW YORK — The technical
wherewithal has arrived to be-
gin reducing the massive U.S.
inventory of an estimated 3
billion rubber tires and vast
amounts of plastics heading to
landfills, an engineering and
manufacturing company said
late last week

Titan Technologies Inc., Al-
buquerque. N.M., said it had
developed new recycling
systems which could attack the
problems created by discard-
ed tires and plastics.

The tire recycling system is
self-contained and activated
.by low-heat catalysts working
at 450 degrees Fahrenheit to
return discarded tires to their
natural components of oil,
carbon black and steel for re-
sale, according to Titan. .

Plastics and composites also
are converted by the same low-
temperature catalytic conver-
sion process and recycled into
low-molecular-weight hydro-
carbons for reuse as chemicals
or fuels.

A Titan spokesman called
the systems “highly profitable,
cost eective, energy produc-
ing and pollutien free.”

According to Ronald L. Wild-
er, there previousiy had been
no cost-effective and eaviron-
megtally safe way to recycle
tires or plastics. By utilizing
low heat to convert them back
into the raw materials from
which they were made, “Titan
has found a means to commer-
cialize our ecologically sound
technologies to maximize the
use of scarce resources and
curtail waste in two complete-
ly seif-eontained, poilutiocn-
free, recycling processes,”
Wilder said.

The company said that in

addition to 3 billion tires be-
lieved to be stockpiled domes-
tically, there are another
250,000 million tires being dis-
carded annually. .

Since some landfills are full,
many scrap tires are dumped
illegally, creating fire, health
and eavironmental hazards,
the company said.

The announcement” called
plastics the ‘“least-recycled
materials in municipal solid
waste and the fastest growing
component of landfills.”

In July 1993, Titan Technolo-
gies entered into an
agreement with South Korea
for the sale of two tire re-
cycling plants. The first Titan

"tire plants, to open next
. month, will be operatad by the

Dong Kook Stael Co. Ltd.

Titan acquired the tire re-
cycling technology in 1990
from inventor Floyd Wallace,
who, together with Titan scien-.
tist Ronald Allred, later ap-
plied the technology to the
recycling of plasties.

Titan said the“process can
vaporize scrap tire rubber
through natural catalysts
which operate in a self-con-
tained plant at low-heat levels.
Comparable technologies,
whick recover the compozent
elements of tire rubber and
by-products of oil, carbon
black and steel,” operate at
temperatures of 1,000 F higher
than the Titan process.

Air Force Lt Phillip P.
Brown, an environmental re-
search engineer, was quoted
by Titan as saying that the new
process for plastics was tested
and successfully coaverted
aerospace composite materi-
als to simpler chemical con-

. stitueng
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Titan Technologies, Incorporated

3202 Candelaria NE
Albuquerque. New Mexico 87107
Tel (505) 884-0272
Fax (50583 981-7113

March 18, 1996

Dear Shareholder:

what is the most undervalued stock currently traded over the
counter-—or on any exchange, for that matter?

We here at management believe the answer to this question is
Titan Technologies, Inc. (Call Symbol, TITT), the very stock you
are holding right now. Even with the recent recovery of some of
its value over the last month and a half, the progress we have
made in current negotiations with large European corporate
players——that is, Semperit/Conti, A.G., Continental Tire's wholly
owned Austrian subsidiary, and Skoda Steel,a.s.,—has not been
raflacted in our share price as yet because we are withhelding
any public annocuncement until the final agreement has been
executed., In anticipation of that agreement, Skoda, who will
contract the manufacture and construction of our first plant in
Austria, is urging us to send our engineers out to
Czechoslovakia, where their main facilities are located, next
week to assist it in doing the preliminary engineering to bring
our design into compliance with European Community industrial and
envircnmental standards. The idea 18 to hit the ground running
30 that we can commence construction perhaps as early as this
summer. Our goal--this Company's, Semperit/Conti's and Skoda's--
is to have a fully operating, state of the art showcase plant
incorporating all the modifications we have developed in Korea up
and running bafore the end of the year.

We cannot stress encugh the magnitude of the significance
of this transaction. Although these companies—Semperit/Conti
and Skcda—may be unfamiliar to many of you, in a Rurcpean
contaxt, they are companies cn a scale equalled only by such
Fortune 500 giants as Goodyear and General Motors in the United
States. Again we are rsceiving a new impetus to our business
from overseas because of government imposed urgency throughout
the Zuropean Community due to tough new environmental regulaticns
that have a direct impact on both the tire and plastics
industries. This Company is now regarded as the tailor-made
solution to these new cocmpliance headaches. Where Europe is
currently headed, the United States is likely to follow in the
near term future particularly as the recent large tire fires in
Dallas/¥ort Worth and Philadelphia underscore the dimensions of
the problem in this country. Furthermore, the credibility this
transaction will give us following a thorough evaluation of our
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Shareholder, page 2.

technology, which as already been completed, by companies with
such financial depth, technical sophistication, and worldwide
reputation will hasten the opening of the domestic market for our

plants.

We also want to draw your attention to the strength of our
share price in recent weeks. We have had heavy volumes of buying
which has put us back on a slow upward trend in price recovery,
and, even though we experienced a set back when one hundred
thousand shares were suddeanly placed in a single lot on the
market, the upside to this was that a single buyer bought all one
hundred thousand sharas the very same day they were placed on the
market. Obviously, heavy selling is going to offset some of the
gains we have made through heavy buying, but this one hundred
thousand share transaction only reinforces our theory that
someona out there who may be knowledgeable about our European
negotiations also believes our stock is severely undervalued and
is acguiring a large position to take advantage of an upward
surge in share value when we make our public announcements. This
is only a theory we emphasize, $0 loock at the facts and make up

your mind for yourself.

Finally, our Korsan marketing associate (Dowon/Gectech) has
agreed in principle to enter into a joint venture with us to
construct a plant to be located stateszide, while we are
concurrently negotiating with a private group associated with
Continental 0il Company (Conoco)which is working to the same end
and has made encouraging progress in securing their financing
since our last shareholder’'s laetter. Parsons Engineering, a
major California based construction firm, having completed a
thorcugh study of our system to its satisfaction has requested we
submit & formal bid to it for the sale of a plant to be located

on the Wesat Coast.

All of you had the viszion and acumen to get in on the ground
floor with this Ccmpany, and, as sharsholders, you are entitled
to all the information we can provide of recent developments. 1If
you like what you hear, you will want to consider averaging down
your investment share price by buying now while the market price
remains relatively low and letting your friends and neighbors--at
least the ones you like-—kncw about this limitad windew cf

oppertunity.
Vetz,a}ncerely yours, 7

gt Al

Ronald L. Wilder, President
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The American Plastics Council (APC) worked with Conrad Industries qg%‘e&%%{r\;e that
pyrolysis is a viable method for recycling post-use plastics intoli ‘péirochemlcal
feedstocks. The project was conducted at Conrad Industries' Qhe ‘?fs Washington
facility using a semiworks unit called the Demonstration Advanced Recycling Technology
or DART unit. The DART unit was built by Kleenair Products (Clackamas, Oregon) and
is an auger kiln reactor that applies heat to plastics in the absence of oxygen to produce a
high yield of hydrocarbon product.

Seventy-six runs were conducted during the 20-month project. These runs were grouped
according to the following designations: shakedown, parametric study, post-consumer
plastic study and recycling of wax and chlorinated oils. Many of these runs were
conducted with a "base" feedstock containing 60% high-density polyethylene, 20%
polypropylene and 20% polystyrene. The liquid and noncondensable gas products were
thoroughly analyzed at the site using gas chromatography and other analytical methods.

Initial shakedown runs were conducted for the purpose of confirming the operating
reliability of the DART unit. During these runs, operating reliability was verified, system
behavior was characterized and general operating conditions were established. Liquid
yields for the early shakedown runs were less than 50%. Later shakedown runs focused
on attaining high liquid yields and increasing capacity. During a portion of one of these
runs, a liquid yield in excess of 80% was reached using base feedstock.

Following the shakedown runs, a parametric study was conducted to demonstrate the
capability of recycling many different combinations of resin types using pyrolysis. A
variety of resin types typically found in packaging and durable waste streams were
recycled under a range of operating conditions. Analysis of product yield and composition
led to a better understanding of the viability and economics of pyrolysis to recycle plastics.
The most important pyrolysis process variable is temperature followed by retention time.
At low retort temperatures, liquid oil yields of 65-75% are possible. Because of the
design of the DART unit, the retention time was not easily altered.

The optimal process conditions to attain high liquid yields, good product quality, high
feedstock throughput and ease of operation were determined during the parametric study.
For base feedstock and plastic feedstocks containing low levels of polyethylene
terephthalate (PET), polyvinylchloride (PVC) or intentionally added impurities, liquid
yields of 65-75% were achieved with pyrolysis temperatures of 900-950 °F. Liquid
produced from base feedstock at these temperatures contained about 55% aromatic
compounds and 45% aliphatic compounds. Most of the aromatic compounds in the liquid
product were monoaromatic species, such as benzene, toluene and styrene. Most of the
aliphatic compounds were olefins and contained less than 20 carbon atoms. However, the
concentration of heavier aliphatics was high enough to affect the viscosity of the liquid
product. The noncondensable hydrocarbon gas that was produced at 900-950 °F from the
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above feedstocks contained primarily ethylene, propylene, C4 olefins and methane, with
lower concentrations of ethane, propane, butanes and hydrogen. The combined yield of
ethylene and propylene in the gas was highly predictive of the liquid yield.

During the parametric study, it was shown that pyrolysis of resin blends with elevated
levels of polystyrene or low-density polyethylene exhibited behavior that was nearly
identical to that of base resin. The presence of shredded paper at 4% did not appear to
adversely affect the process in any way. Pyrolysis in the presence of a cracking catalyst
did not have a significant effect on liquid yield or on the yields of individual hydrocarbons
in the liquid or gas. '

Processing resin blends with elevated levels of PET (20-40%) required substantially more
heat than other plastic mixtures and resulted in liquid product containing a significant
amount of solid terephthalic acid. It was shown that the presence of terephthalic acid in
the liquid product could be eliminated at high pyrolysis temperatures.

The presence of PVC in the plastic feed at 1-3% resulted in product oil with total chloride
fevels of 5,000-10,000 ppm. It was demonstrated that at these same PVC levels, the total
chloride concentration in the oil was reduced to less than 10 ppm with the addition of lime
hydrate. The presence of low levels of PET (1-5%) in the feed in addition to PVC did not
appear to have a detrimental effect on the resulting total chloride concentration in the oil.
The primary factor governing the efficient and total removal of chloride from the system
was the physical mixing ratio of plastic feed to lime hydrate. It was shown that efficient
chloride removal could be achieved at a feed:lime hydrate physical mixing ratio of about
30:1 for a plastic blend containing 1% PVC and 3% PET.

Feeds containing 5% or more of polyurethane, acrylonitrile butadiene styrene or
polyamide were recycled without difficulty. Hydrogen cyanide was not positively detected
in the product oil or gas.

Pyrolysis of 100% polystyrene resulted in a 95% liquid yield and a styrene monomer yield
of nearly 60%. Toluene and ethyl benzene concentrations were also high in the liquid
product. The capacity of the DART unit for processing 100% polystyrene was almost
double that for other resins.

100% polypropylene was processed at 850 °F with a liquid yield of 66%. The liquid
product contained primarily olefins that resembled the molecular skeleton of
polypropylene.  The noncondensable gas contained elevated levels of propylene,
isobutylene and n-pentane.

Four batches of post-consumer plastic from different regions of the country were

successfully recycled. Although PVC, PET and various impurities were present in the
post-consumer plastic, the addition of lime hydrate produced a liquid product that was
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very similar to liquid produced from base feedstock mixtures. Chloride levels in the liquid
product were about 10 ppm for all post-consumer plastic batches.

There were no environmental problems associated with the process. Stack emissions were
well within air quality limits. Fugitive emissions were monitored without any detection of
leaks. Waste water that was generated during the process was treated at the Conrad
Industries facility. The treated water was tested and was acceptable for disposal to the
local water treatment facility.

The liquid product from the parametric study was thoroughly analyzed and was found to
be acceptable as a refinery feedstock. A 5,000-gallon batch of oil was shipped to the
Lyondell-Citgo Refinery in Houston, Texas for processing. The oil was mixed with Resid
and used as a feed to the refinery's coker units. Most of the product was volatile and no
processing difficulties were observed. It was determined that this type of feedstock is
indistinguishable from many other petroleum feedstocks to a refinery.

Recycling plastics using pyrolysis is technically feasible. Many of the specific challenges
which arose during the program were the result of the design of the DART unit, which
was not optimized during this research project. The results of this project will enable a
pyrolysis unit to be designed that will consistently produce marketable liquid products at
yields in excess of 70% from post-consumer plastics containing mixed resins. :
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Introduction

1. Introduction

Increasing the recycling rate for plastics will require innovative and cost effective recycling
technologies. Recycling plastics back to their fundamental feedstocks has been one area
of active research and shows promise in overcoming many of the problems that plague
conventional recycling processes. These new technologies have been called ‘Feedstock
Recycling” or “Advanced Recycling Technologies” and include processes such as
methanolysis of polyester and the thermal depolymerization of polyolefins. Advanced
Recycling Technologies that recycle mixed plastics back to liquid petroleum feedstocks
are being evaluated worldwide to better understand their technical feasibility, process
economics and logistical viability.

1.1 Advanced Recycling Technologies

Conventional recycling processes that recycle paper, glass, metals and many plastics into
similar or lower quality products are effective when there is a large, consistent, clean and
cost effective waste stream available. Plastic soda bottles, milk jugs and automobile
battery casings are just a few of the success stories in conventional plastics recycling.
These plastic items represent products that are easily identified and collected, are used in
large volumes, and have consistent resin properties and additives. Many other plastic
products are not produced in large volumes, are not easily identified and cannot be
separated from other plastic wastes without sophisticated analytical equipment or
processes. This has led to the search for technologies that can recycle mixtures of plastic
products into marketable products without costly sorting or cleaning.

Recycling plastics back to their fundamental petrochemical feedstocks may overcome
some of the current difficulties and expensive steps encountered in plastics recycling. This
concept of recovering feedstocks is referred to as Feedstock Recycling in Europe and
Japan, and Advanced Recycling Technology in the United States. Many advanced
* recycling technologies are being developed throughout the world and several have been
commercialized. Some advanced recycling technologies recover usable monomers, the
actual building blocks for new plastics. The methanolysis of PET is an example of this
type of recycling that is commercially practiced. Other advanced recycling technologies
recover more basic petrochemical feedstocks such as naphtha. These petrochemical
feedstocks are then used to make monomers for plastics or other petrochemical products.

Thermal depolymerization or pyrolysis is one method of advanced recycling that converts
plastics back to petrochemical feedstocks. A robust thermal depolymerization process
should be able to accept mixtures of many types of plastics and not require that the
plastics be washed or sorted. Also, it should not require some of the grinding and
extruding processes that are used in conventional recycling processes. Finally, the
products from thermal depolymerization should have wide market applicability and be

ONR4,, 1
INDUSTRIES, INC.




Advanced Recycling of Plastics

virtually indistinguishable from products made from virgin materials. Even though this
recycling method showed great promise, no detailed studies had been performed to
understand its technical and economic viability. Therefore in 1992, the American Plastics
Council began a program to search out and evaluate existing process technologies that
could be used to recycle plastics back to petrochemical feedstocks.

1.2 Conrad Industries, Inc.

This search led to Conrad Industries, Inc., Chehalis, Washington. Conrad Industries was
originally formed in 1955 in western Washington State. The company operates systems
and equipment for material handling, transportation and recycling. Most of the company’s
projects are local or regional in nature. 1In 1986, in order to further the recycling effort,
Conrad Industries built a plant and system designed to thermally decompose 2,000 pounds
per hour of rubber tire chips. Prior to this, during the lengthy research and development
of the technology, Conrad Industries tested and developed a data bank of information
covering a wide variety of feedstocks using this technology.

The Conrad recycling process uses an auger kiln reactor that applies indirect heat to the
plastics in the absence of oxygen to produce liquid hydrocarbon products and minor
amounts of carbon and light hydrocarbon gases. The process was designed by Kleenair
Products Co., Inc. (Clackamas, Oregon) and Conrad Industries and was built by Kleenair
Products. :

The American Plastics Council (APC) approached Conrad Industries, Inc. early in 1992
suggesting that the two work together to demonstrate the viability of using pyrolysis to
recycle plastics. Conrad Industries was chosen because their process technology was
judged to be the most versatile, safe, and cost effective. They also had experience in
recycling tires into carbon black, liquid petroleum and combustible gases and worked
closely with the manufacturer of the equipment. Lastly, they owned a pyrolysis unit which
was well suited for a detailed parametric study of the process. This unit was subsequently
called the Demonstration Advanced Recycling Technology unit and is referred to as ‘the
DART unit” throughout this report.

An APC project was started at Conrad Industries and was divided into three phases: the
redesign and retrofit of the DART unit, an extensive parametric study on known plastic
mixtures and the recycling of post-consumer plastic waste streams. The overall objectives
of the APC/Conrad project were the following:

e Conduct a parametric study utilizing the DART unit and virgin resin blends
> Determine the limitations of the technology regarding different resin
types and critical impurities such as PVC and PET.
> Determine the optimal process conditions for high liquid yield, good
product quality, high feedstock throughput and ease of operation.

2 QO N 340
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> Investigate the process chemistry for different resin feedstocks and
operating conditions.

> Identify the operating and mechanical issues related to scale-up of the
technology to the commercial level.

Demonstrate the marketability of the product ol

Study the economics of the process

Determine the erivironmental impact of the process

Successfully recycle post-consumer plastic

Confirm the operating reliability of the DART unit

Confirm the safety of the process

This comprehensive technical report discusses all aspects of the APC plastics recycling
project at Conrad Industries. Section Two of the report describes the layout and
operation of the plant, the configuration of the DART unit, an overview of the recycling
process and the methods of chemical analysis. Section Three deals with the manner in
which pyrolysis occurs in the DART unit. The results of the experimental recycling
studies are discussed in Section Four. Sections Five and Six address environmental, health
and safety issues related to the process. Finally, the Appendix includes additional
summary data on the process, including various tables and other information related to th

project. 3
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Process Technology and Plant Operations

2. Process Technology and Plant Operations

| 2.1 Description of Facilities

The layout of the Conrad Industries plant is shown in Figure 1.
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Figure1 Conrad Industries, Inc. plant layout

The Conrad Industries plant is divided into three areas: the DART facility, the CART ,
(Commercial Advanced Recycling Technology unit) facility and an area common to both
facilities. The plant consists of an unheated 10,000 sq. ft. building bordered externally on
the south and west sides by a loading dock and a portion of the DART facility, on the
north and east sides by a portion of the CART facility.
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The DART unit is located in the southwest corner of the building. The DART unit is skid
mounted and includes the plastic feed system, a lime hydrate feed system, pyrolysis unit,
condensing system, acid gas scrubber, by-product solids collection system and product oil
storage tanks. The stack on the retort furnace and the vents from the retort safety valves
_ extend above the building roof A ground flare is used for destruction of the by-product

pyrolysis gas.

Adjacent to the DART unit is the operator control panel, oxygen analyzer, nitrogen
generator and a system that provides circulating hot water and chilled ethylene glycol to
the DART unit. A forced draft air-cooled heat exchanger for cooling the heavy oil is
located outside of the building.

All products are stored outside of the main plant building. Product oil is stored in two
triple-walled horizontal storage tanks fitted with internal electric heaters and a circulation
pump. Off-specification product oils are stored in 55-gallon metal drums which are kept
in a well ventilated storage shed next to the two product oil storage tanks. The storage
shed also houses the system used for treatment of the acid gas scrubber liquid. The
storage shed and the two storage tanks are curbed for spill containment, with rainwater
passing through a dedicated oil-water separator.

The electricity and instrument air supplies are obtained from facilities that supply the entire -
plant. There is no emergency electrical power supply. The electrical classification within
the building around the condenser is Class I, Div. 2, Group D. Propane gas for the retort
burners and the ground flare is obtained from liquid storage containers located on the
loading dock. A station for bulk handling and transfer of lime hydrate is located near the
center of the building. Plastic feedstocks are received in cardboard containers (gaylords)
in 1,000 Ib. lots. These containers are stored inside the building adjacent to the DART
unit.

A small laboratory is located in the building near the DART unit. The laboratory is
outfitted with a 100 cfm ventilation hood and a small ceiling fan. The laboratory contains
all of the instruments and equipment used for the chemical analyses described in section
2.17.

Building ventilation is achieved by a wall exhaust fan near the roof and a roof-mounted
exhaust fan with air turn-over capacity of 1 cft/sqft located at the center of the building.
The roof fan draws air through a 4' diameter duct from a position 2' above the ground. A
6" dedicated fire water line connects the Conrad facility to the Chehalis water main and
can supply water at 80 psig to several hose stations within the building. A safety shower
with eye wash is located in the building close to the laboratory and the DART unit.
Product oil samples and flammable chemicals are stored in designated safety cabinets
located external and adjacent to the laboratory within the plant.

5 cONR4,,
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2.2 Process Overview

For a more detailed description of the DART unit, refer to section 2.3.

Plastic feed mixtures are received in 1,000-pound gaylords and are introduced to the
DART unit by the plastic feed system. Lime hydrate is introduced by the lime hydrate
feed system. The DART unit contains a horizontally positioned cylindrical retort that is
heated externally by the retort furnace. The retort contains the process auger, which
mixes the material in the retort and conveys it toward the outlet end. Both lime hydrate
and plastic enter at the top of the inlet end of the retort. After falling into the retort, the
plastic mixes with the lime, melts and decomposes as the process auger conveys it toward
the retort outlet.

The thermal decomposition products from plastics are solids and condensable and
noncondensable gases. At the outlet end of the retort, the process auger transports the
solids into the solids collection system. When the weight of the solids collection drum
indicates that it has reached its capacity, it is disconnected, capped and replaced with an
empty drum. The hot pyrolyzate gas exits from the outlet end of the retort to the two-
stage condensing system. When the condensing tower sumps reach their capacity (as
determined by observation of the Teflon gauge glasses on the tanks) the contents are
pumped to one of the two 4,000-gallon storage tanks. If analytical testing determines that -
the oil is off-specification, the oil is pumped to temporary storage in 55-gallon drums.
Off-specification oil is recycled by means of the oil/wax feed system. Noncondensable gas
passes through the acid gas scrubber before being burned in the flare or in the retort
burners.

2.3 Equipment Description and Configuration

A schematic representation of the entire DART unit as it currently exists is shown in
Figure 2.

The following sections describe the general configuration of the unit. Precise technical
information is confidential to Conrad Industries and Kleenair Products and has been
omitted. Throughout the project, many modifications and additions were made to the
DART unit, and these will be mentioned in their respective sections.

The DART unit has many features similar to the larger Conrad CART unit. However, the

§ DART unit is a pilot plant which was retrofitted for the purpose of this research project.
: It was not designed nor optimized for commercial use but rather as a demonstration unit
§ to better understand the feasibility of advanced recycling processes. Many of the
i difficulties are artifacts of this particular design, some of which led to design changes in
4 future CART units.
%
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Process Technology and Plant Operations

2.3.1 Plastic Feed System

The configuration of the feed system for the DART unit is designed for plastic resin pellets
or regrind. Feed systems to handle larger plastic pieces, such as crushed or chopped
bottles are being evaluated. The configuration of the plastic feed system is shown in
Figure 3 and includes a large, mobile feed hopper, vertical bucket elevator, loss-in-weight
feeder, surge bin, rotary airlock/metering star valve and a feed auger leading to the retort.

Loss In Weight Feeder

J

8
8
8
8
8
8
8
Fee g
H Vettical
,9__.._ Bucket
Elevator

Mobile Feed Hopper

D T D D TR TR TR D DD D

-0

£D...ED... (D .. LY. . LB . £D.. £D.. . ED...LD...LD...LD... LD . £D...0D.. . CD...LD... LD .. 0D...0D. .. 6D...0...0...0

ey

Q!

Figure 3 Configuration of plastic feed system
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Advanced Recycling of Plastics

The flat bottom of the large feed hopper contains four augers that transfer material to one
end of the hopper. There, a transverse auger (4) moves material to the bucket elevator

. which lifts the feed to the loss-in-weight feeder.

The load cells (B) on the loss-in-weight feeder are connected electronically to an operator

feed control station (not shown). The control station allows 15 lbs. of material to
accumulate in the loss-in-weight feeder before an automatic slide gate (C) dumps the.
material into the surge bin. The control station accurately records the cumulative weight
of the material transferred to the surge bin and allows for determination of the plastic feed
rate.

The surge bin is in the shape of an inverted cone with steep sloping sides. It is fitted with
low and high level probes (D) that are interlocked through the main operator control
center to activate operation of the large feed hopper and the bucket elevator.

The surge bin supplies material to the rotary airlock/metering star valve (E) which serves
two purposes. First, it has a calibrated volume that is used to control flow by varying its
speed. Second, the rotary airlock minimizes air leakage into the pyrolysis retort.

The plastic feedstock flows downward from the rotary air lock into an inclined feed auger. .
The feed auger is continuously purged with nitrogen to eliminate back flow of gases from
the retort. The feed auger transports the material up to the vertical feed inlet nozzle which
allows entry of feed directly into the top of the inlet end of the retort. For safety and
control purposes, the inlet feed nozzle has a hydraulic air-tight knife gate valve (F) at its
lower end. The knife gate valve is controlled and monitored by the main operator control
center.

The following feed system configurations were used prior to adoption of the current
system:

A. An alternate pneumatic vacuum transfer system was utilized to transfer
pelletized plastic feed from bulk storage to the surge bin. The pellets
were transferred through a vacuum hose from a large cardboard box on
a floor-mounted scale to the intermediate bin. The scale was monitored
visually to determine the plastic feed rate. This pneumatic system was
only utilized for pelletized plastic and is still operational.

B. The loss-in-weight feeder was installed after Run 57. Before this time
there was not an adequate method to measure the amount of non-
pelletized feed introduced to the DART unit.

c)oNﬁ‘,q 0
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C. Before Run 74, a different surge bin was utilized. This bin was
cylindrical with a gently sloping conical outlet. The bin was initially
installed on load cells which allowed for monitoring of the surge bin
weight at the main operator control center. The surge bin weight
measurement was not reliable and was abandoned in favor of visually
monitoring the floor-mounted scale.

D. Prior to installation of the vertical bucket elevator (Run 73), a vertical
auger was utilized to transfer material from the large hopper to the
loss-in-weight feeder.

2.3.2 Lime Hydrate Feed System
The configuration of the lime hydrate feed system is shown in Figure 4 and includes a bulk

lime hydrate handling station, a pneumatic transfer mechanism and a lime hydrate
receiver/feeder.

Bulk Lime
Hydrate Pneumatic .
Station Transfer System -—Receiver
Feeder
N B

Plant Air—pp g Retort

Figure 4 Lime hydrate feed system

The bulk lime hydrate handling station accepts reusable 500 Ib. tote sacks of bulk lime
"hydrate. The pneumatic transfer system uses the air supply from the plant to convey the
lime hydrate through the transfer piping to the receiver/feeder.

The lime hydrate receiver/feeder is fitted with high and low level probes that are
interlocked to the pneumatic transfer system. The feed rate is controlled automatically or
manually. A weighing mechanism (A) tracks weight loss due to the transfer of lime
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hydrate to the feeder. A single helix (B) moves the lime hydrate horizontally to the
vertical feed nozzle, immediately above the entry point for the plastic feed. The lime
hydrate and plastic feed mix as they enter the retort. A sufficient inventory of lime hydrate
in the receiver/feeder efficiently minimizes air leakage into. the retort.

The current lime hydrate system was installed as an entire integrated system after Run 69.
Before that time, a less dependable system without a weighing mechanism was used. It
consisted of a single, steeply sloping bin with a twin screw feeder and variable drive. Lime
hydrate was introduced manually at the top of the bin from 50 Ib. bags.

2.3.3 Oil/Wax Feed System

The oil/wax feed system is shown in Figure 5 and consists of a drum heater tank, an
activated carbon vapor recovery system and an oil/wax feeder.

Activated
Carbon

Water to
Heater

150°F - 180°F
Hot Water from
Heater \\_,/
ﬂ‘ Wax / Qil fg

* Retort

Hot W Qil /Wax
ot Water Feeder Tank ~
Tank &

130°F

D
Heat Traced Re<irculation Lines

Figure 5 Oil/wax feed system

The drum heater is a 100-gallon open-top water tank with coils of 1-inch copper tubing
around the inside walls (4). The tubing is connected to the hot water circulation system,
which supplies water to the heater at 150-180 °F. The resulting water temperature in the
tank is about 130 °F. 55-gallon drums of oil or light wax are placed in the tank and
connected to a drum of activated carbon to eliminate fugitive emissions. When the drum
contents are of sufficiently low viscosity, they are pumped to the oil wax feeder by means
of an air operated diaphragm pump (B).

11 Q)ONR"'Q
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The tank in the oil wax feeder is surrounded by coils of copper hot water tubing (C) and
insulation. The contents of the tank are maintained at about 130 °F and are continuously
circulated through heated lines by means of a gear pump (D). Feed to the unit is
accomplished through piping that is connected to the circulation lines.

2.3.4 Pyrolysis unit

The pyrolysis unit is shown in Figure 6 and includes the retort, process auger, outlet end
bell and furnace chamber.

Combustion

Lime Hlydrate i’ Stack
\ /
Flue
Gas
Plastic —W T
Tao Retort Safety
To Retort P Valve
Safety Vaive - || I
L — D FURNACE CHAMBER N
| N O T P PP 1 POSOOOR — J ! To High Temperature
A v
-8 RETORT ] T Condenser
E Process Auger Shaft ] 1
Owax | Lol ]
- 1 1 C

‘ To Outlet End Beil

To Sotids Collection
System

Gas Valve Train

Propane Pmtuct
(initial heat- up} Pyrolysis Gas

Figure 6 Pyrolysis unit

The retort is a horizontal, cylindrical vessel and serves as a combined reactor, heat
exchanger and mixing device. The retort vessel extends completely through the furnace
chamber with flanged connections terminating outside the chamber at each end. A steel
cover on the inlet end of the retort allows access to the inside of the retort. One of the
retort safety valves and the oil/wax feed inlet (B) is attached to this cover. The lime
hydrate/plastic feed entry point is located on top of the retort very close to the inlet end
but within the confines of the furnace chamber.

The hydraulically-driven process auger mixes the pyrolyzing material and moves it through
the reaction vessel. It has a hollow shaft containing several thermocouples which are
loose within the shaft, but maintain fixed positions along the shaft length. Figure 7 shows

cONR4,
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the positions of the thermocouples within the process auger shaft along with the positions
of the burners and the furnace thermocouples.

The outlet end bell is located outside of the furnace chamber and houses shaft packing
seals and shaft support bearings for the process auger. There are three openings in the
outlet end bell. One opening connects the retort to the high temperature condenser,
another to the solids collection.system and the third to a retort safety valve. '
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o 10 2 0 4 0 60 70 80 50 190 110 120 130 140 150 160
L ] il 1 ] ] ] ! ] ! ) ] i 1 { j
Retort
Intlet Fumace
Fumace .
war ™ |4 wall
o RETORT OUTLET
END BELL
™) 4 TR T TQH L= TS, ]
MIXER /CONVEYOR
I ® * TV\Fumace
e T m wa
wall ¥ ¥ ¥ ¥
Bumer Bumer Bumer Bumer
1
f T T T T T T T T T T T T T T T !
0 10 20 £ ) 50 60 70 80 ) 100 10 120 130 146 150 160
Inches

Figure 7 Thermocouple positions

An insulated furnace chamber surrounds the reaction vessel. Four gas burners along one
side of the furnace fire box provide heat for the process. Flue gas products exit the fire
box via a vertical stack. Propane gas is used to initially heat the furnace. Propane gas,
combustion air and pyrolysis gas are controlled by an electronic central control system.
When the furnace has reached the specified temperature, feeding of plastic is initiated.
When adequate pyrolysis gas is generated to fuel the system, the flow of propane gas is
shut off automatically.

Prior to Run 47, an inlet end bell also existed on the inlet end of the retort. During this
time, the process auger extended into the inlet end bell. This end bell was permanently
removed to reduce heat loss and solids formation at the inlet end of the retort.

Before Run 47, there was a horizontal inlet reamer that was used to dislodge solid material
which had built up along the walls of the retort. The reamer was not used after Run 35
and was removed after Run 46.

13
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2.3.5 Pressure Relief Valves

The retort pressure relief system consists of two safety valves that are located at the inlet
and outlet ends of the retort. The relief valves consist of a horizontal weighted disk
resting on a machined opening. The safety valve tail pipes terminate above the building
roof. The pressure settings for the inlet and outlet safety valves are 10 in. H,O and 5 in.
H,O0, respectively. Before Run 34, the setting for both valves was 10 in. H,0.

2.3.6 Solids Collection

The configuration of the solids collection system is shown in Figure 8 and consists of an
outfeed auger and a drum for collection of solids.

Solids
—Collection
Orum

Scale/

Figure 8 Solids collection system

A vertical transition (4) in the outlet end bell allows solids to fall from the retort end bell
to the low point of the inclined solids auger. The transition contains a hydraulically-
operated gate valve (B) which is utilized to isolate the collection drum when necessary as
a safety precaution. The solids auger is also driven hydraulically and moves solid material
to a point directly above the collection drum. The collection drum is attached to the solids
auger by a transition (C) and a rubber boot (D). The transition contains a manually-
operated gate valve (E). The drum is positioned on a utility scale.

cONR4,, 14
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To reduce the possibility of combustion occurring in the collection drum, nitrogen purge
procedures were instituted after Run 13. Nitrogen gas is introduced at the top of the
drum to minimize the introduction of air to the solids collection system. An optical sensor

. at the top of the solids auger was utilized to detect blockages. The sensor was removed

after Run 13. The gate valve (B) in the vertical transition replaced a star valve after Run
12.

2.3.7 High Temperature Condensing Unit

The high temperature condensing unit is shown in Figure 9 and consists of a quench
fitting, sump, condensing tower and forced-draft, air-cooled heat exchanger.

The hot pyrolyzate vapor exits the outlet end bell and passes through a quench fitting (A4)
before entering the condensing tower sump. The condensing tower consists of a Venturi
scrubbing section (B) in the bottom of the tower and 2 valve trays with downcomers
(welded construction) in the upper half. A mist pad is located at the top of the tower to
minimize entrainment. Product oil is pumped at controlled rates into the quench fitting
(A), the top of the tower (C) and the Venturi scrubber (B). The tower was operated over
a range of temperatures, from 100 °F to 170 °F.

The sump is a rectangular vessel with a capacity of 165 gallons and is externally heated by
hot water jackets. Product oil in the sump is cooled by circulating from a location near the
low point of the sump through the forced-draft, air-cooled exchanger located on the
external wall of the plant. The exchanger is housed in a removable enclosure and is
outfitted with an optional water sprinkler system. Oil is pumped to storage from a
different location near the low point of the sump. Sump level measurement is
accomplished by a Teflon gauge glass.

2.3.8 Low Temperature Condensing Unit

Pyrolysis gas that does not condense in the high temperature condenser proceeds to the
low temperature condensing unit. The low temperature condenser is shown in Figure 10
and consists of a plate exchanger, sump, condensing tower with a spiral heat exchanger
and an oil/water separator.

~ The low temperature sump is a rectangular vessel with a capacity of 21 gallons. Sump

level measurement is accomplished by a Teflon gauge glass.

Oil from the sump is pumped through the plate exchanger. Circulating ethylene glycol
coolant at 32 °F cools the exchanger. After passage through the exchanger, cooled oil is
returned to the top of the tower. Water that has collected in the bottom of the sump is
periodically pumped to the water treatment system. The system consists of a coalescing

15
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filter, oil collection drum and activated carbon filter. The oil collected is then pumped to
the bulk storage tank.

The condensing tower contains two valve trays and a spiral heat exchanger located at the
vapor outlet. Circulating ethylene glycol coolant at 32 °F cools the spiral heat exchanger.
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Figure 10 Low temperature condensing unit
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2.3.9 Acid Gas Scrubber

The acid gas scrubber is located after the low temperature condenser and consists of a
packed tower and sump. The scrubber is shown in Figure 11. The scrubber liquor
contains sodium carbonate and sodium bicarbonate -at a combined total of approximately
5% wt/wt The sump has a capacity of 65 gallons.

Pyrolysis gas from the low temperature condenser enters at the bottom of the tower and
passes through the tower packing before exiting to the heating cyclone. Scrubber liquor
circulates through the packed tower via an electrically heated line to the top of the
packing. The scrubber operates at a temperature of 10 °F higher than that of the low
temperature condenser.

The scrubber liquor is occasionally replaced by a fresh solution. The used material is
treated by passing it through a coalescing filter and an activated carbon filter. Light oil
that is in the coalescing filter is collected in a drum for further processing in the DART
unit. Water from the activated carbon filter is sampled for environmental analysis before
being discharged.

Before Run 70, the acid gas scrubber was located in line between the high temperature
and low temperature condenser towers. Before Run 41, the scrubber liquor contained
sodium hydroxide at 1% wt/wt concentration. The sodium hydroxide scrubber liquor was
pumped periodically to a neutralizing tank, where the pH was lowered to the 7-9 range
with concentrated sulfuric acid.

2.3.10 Gas Handling

The gas handling system controls the flows and pressures of the noncondensable gas and
consists of a vacuum fan, heating cyclone, gas flow meters and control valves. Parts of
the system are shown in Figures 2, 6 and 10.

The vacuum fan is controlled by a SCR variable speed control located in the main operator
control center. The fan speed is varied to maintain the retort operating pressure at
negative 0.5 in. H,O. To aid in control of pressure within the retort, a portion of the gas
is circulated around the fan. Following the vacuum fan, the noncondensable gas passes
through the acid gas scrubber before entering the heating cyclone. The heating cyclone
operates at 150 °F to ensure that there is no condensation in the lines.

cONR4,
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Rotameters with operating ranges of 0-1000 cth measure the gas flow to the furnace
burners and to the flare.

2.3.11 Flare

The flare (Figure 12) is located in a vertical refractory-lined chamber that discharges to the
atmosphere through an elevated stack. Excess product gas enters the main nozzle mixing
burner, which fires tangentially through the side wall near the bottom flare chamber. A
flame temperature is maintained above 1400 °F. Cooling air enters the chamber through
radial passages located above the plane of the burner. The cooling air is modulated to
maintain the chamber temperature below 1900 °F.

2.3.12 Product Oil Storage

Product oil is stored in two horizontal steel tanks (Figure 13) that are lined internally for
spill and corrosion protection. The capacity of each tank is 4000 gallons. Both tanks rest
on strain gauges, which provide accurate measurement of the weight of each tank.
Electrical immersion heaters are installed in each tank. The vents from each tank are
connected to 55-gallon drums of activated carbon located at grade. Each 4,000-gallon
tank is interconnected so that an air-operated diaphragm pump can circulate the tank
contents, transfer material from one tank to the other or pump the oil to a waiting
transportation truck. Both tanks are located on a spill pad which is drained to a spill
retention 3-sided building housing the waste water treatment system and sample oil
storage.

2.3.13 Process Control

A central distributive control system regulated process functions utilizing a Honeywell
9000. Individual control loops included the following:

Feed rate

Furnace

Retort pressure control

High temperature condensing unit temperature
Flare temperature

The system also provided the following individual function controls:

Retort auger speed control

Pump down of the high temperature condensing tower sump
Pump down of the low temperature condensing tower sump
Pump down of the acid gas scrubber tower sump

Inlet feed conduit and outlet gas conduit reamer actuation

cONR4,,
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Figure 13 Product oil storage facility

Warning and interlock functions were controlled by the Honeywell 9000. The primary
interlock strategy included the following actions:

o Shutting off of the feed
¢ Closing of the inlet slide gate valve
e Routing of excess pyrolysis gas to the flare

The following occurrences are some of the process deviations that initiated the interlock:

High or low furnace temperatures

High or low retort pressure

Retort auger failure

High differential pressures in the condensing system
High or low temperatures in the condensing system
High temperature in the flare

Operators were able to access the control functions and monitor operating parameters
from a single control screen. Information was organized on a number of interactive
menus. An alarm horn and alarm enunciator screen alerted operators to “out-of-limits"
process functions or other system abnormalities.

The Honeywell 9000 unit also served as the platform for data acquisition. Data was
communicated to computer storage for later analysis, while selected information was
displayed and recorded on a panel-mounted, multi-channel chart recorder.
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2.4 Plant Operations

The DART unit was operated on a 5 day per week basis, usually with only one test run
during the period. Operators worked 12-hour shifts (7 a.m. - 7 p.m. and 7 p.m. - 7 a.m.)
with two operators per shift. Two additional operators were available during the day shift
for maintenance and facility upgrades. The normal operating schedule involved the
following steps: g

Monday: Perform startup maintenance. Begin heating the furnace
and retort to the target furnace temperature at a rate of 50-
70 °F per hour. . :
Tuesday: Commence DART operation with base resin at 40 1b/hr for

one hour, 70 Ib/hr for one hour and 100 Ib/hr for four hours.
After the system is stable, commence study with special
feedstock or special DART operating conditions. Allow up
to eight hours for DART system to reach stable operating

conditions.
Wednesday: Continue with DART operation.
Thursday: Conclude study after 48-60 hours of total operating time.

Conduct final purge of system by processing base resin for
four to six hours. When gas generated from the retort has
ceased, allow furnace and retort to cool down.

Friday: When the retort has cooled down, end-of-run maintenance,
inspections and repairs are performed.

During the portion of the run dedicated to the study, several related activities were
ongoing. Product oil and gas were sampled and analyzed by gas chromatography (and
other methods, if applicable) at regular intervals (every four to eight hours). Collected
solids were sampled when the collection drum was changed. Acid gas scrubber liquor was
sampled every eight hours and analyzed by titration to determine the remaining capacity
for HClI capture. If necessary, the feedstock was sampled at regular intervals and analyzed
for PET and PVC.

All aspects of the operation of the DART unit were continuously monitored by the
operators and were manually recorded on operating log sheets. The Honeywell control
center automatically recorded many process variables. The log sheets tracked operating
variables (such as temperatures and pressures within the unit), feedstock and lime
consumption, oil production and gas flow. At the conclusion of the run, all of this
information was utilized to calculate a material balance for the study.
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2.5 Utility Requirements

The main utility requirements for the DART unit include:

o Electricity e City Water
e Fuel Gas - " o Plant & Instrument Air
e Nitrogen

The DART unit was not outfitted with instruments for measuring utility usage.

Electricity
Capacity: 489V, 3 phase, 350 kva
Fuel Gas

Capacity: 1,000 gallons .
Propane was used in most runs for firing the retort combustion chamber. In most

instances the product gas was required at the flare to maintain the 1400 °F regulatory
requirement.
Plant and Instrument Air

Capacity: 90 scfm @ 125 psig
16 scfim of air is required to generate maximum nitrogen flow.

Nitrogen
Capacity: Maximum nitrogen flow was 6 scfm.

Nitrogen was continuously injected into the lime hydrate and feed addition points.
Nitrogen was injected intermittently to purge hydrocarbons from the carbon-lime
collection drums prior to their removal from the retort system. Normal operation required

2 scfm of nitrogen.

City Water

Water was used to prepare the acid gas scrubber solution. Water was also available for
the safety shower and fire hose station.

2.6 Process Sampling
During operation of the DART uni't, samples of product oil, pyrolysis gas and solids were
taken frequently. Samples of acid gas scrubber liquor were also obtained at regular
intervals. The plastic feedstock was also sampled and analyzed in the laboratory
periodically during the program.
Samples of oil that were representative of the immediate process conditions were obtained

by removal of the hot pyrolyzate vapor from the outlet end bell using the retort sampler
(Figure 14). These samples are identified as total condensable retort oil (TL) samples.
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The samples were drawn by means of a peristaltic pump operating at 2000 mL/min. The
hot pyrolyzate condensed as it passed through heated metal tubing from the outlet end bell

“to the 2L pyrex® collection flask. Final condensation occurred as the gas passed out of

the flask through a vertically-mounted stainless steel condenser cooled with ethylene
glycol at 32 °F. The noncondensable retort gas was pumped from the sampler to a
location downstream of the gas delivery valve.

e Pyrlysis Gas to
’ Condensing System
Retort Outlet End Beil ] !:J Sample Bag

Manual Reames

/ [ Peristaltic %

H‘L‘f;z':’ Ry Excess
1} { 1 ;
— Y Gas To
f) Warm Glycol To Flare
: Chiller

v\/Caad Glycol From

Chiller

[
| =

To Soiids
Collection System

Heat Traced Lines

JAR |

Condensable
Retort EMfuent

Figure 14 Retort effluent sampler

Heavy oil (QH) samples were drawn from an Isolok pneumatic sampling device. The
sampler was positioned on the circulation line of the high temperature condensing unit.

Light oil (QL) samples were drawn from a spigot on the circulation line of the low
temperature condensing unit. The spigot was flushed with fresh circulating light oil prior
to collection of a sample.

Samples of noncondensable pyrolysis gas (PG) were collected at the exit from the heating
cyclone at slightly above ambient pressure in a 2.25 L stainless steel vessel. The vessel
was configured in such a way as to allow for continuous flushing through the vessel with

pyrolysis gas.

Occasionally, the noncondensable pyrolysis gas was sampled at the exit from the peristaltic
pump on the retort sampler. These gas samples had not passed through the acid gas
scrubber. The gas samples were taken when it was necessary to know the concentration
of acidic species or organochlorides in the gas. Evacuated gas sampling bags were utilized
for these samples.
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Samples of pyrolysis solids were taken manually from the solids collection drum.
Operators wearing protective clothing purged the drum with nitrogen, isolated it from the
DART unit and scooped the most recently deposited material from the top of the
accumulated solids.

Samples of liquid from the acid gas scrubber were drawn from a spigot on the circulation
line of the unit. The spigot was flushed with fresh circulating scrubber liquid prior to
- collection of a sample.

2.7 Methods Of On-Site Chemical Analysis

A variety of analytical methods were used for on-site chemical and physical analyses of oil,
gas, solids and scrubber liquor produced in the DART unit. Analytical methods were also
developed for the identification and quantitation of resin types in the plastic feedstock.

2.7.1 Oil

2.7.1.1 Gas Chromatography

Routine gas chromatography (GC) analyses of the liquid products were performed on a

Hewlett-Packard 5890 Series II gas chromatograph equipped with a 15 m x 0.53 mm id-

HP-1 capillary column (0.88 um film thickness) and a flame ionization detector. The
temperature program consisted of a 10 °C/min ramp from 35 °C to 350 °C with a 10-min
hold at 350 °C. Samples were prepared by a tenfold dilution into CS; and introduced with
a Hewlett-Packard 7673 automatic sampler. Chromatograms were recorded on a
Hewlett-Packard 3396 Series 11 integrator, which quantified the chromatographic peaks by
integrated area percent. Identification of the chromatographic peaks was accomplished by
duplicate GC/MS analysis at Montana State University using a Varian 3700 gas
chromatograph with a 60 m x 0.25 mm id DB-1 capillary column (0.25 um film thickness)
interfaced to a VG 70E-HF dual sector (EB geometry) mass spectrometer operating in EI
mode at a source temperature of 200 °C, (see appendix 8.5). The GC temperature
program was identical to that described above. The integrator calibration file that resulted
from the GC/MS analysis contained peak identification information for 172 peaks.
Chromatographic signal files and report files were stored by the Hewlett-Packard Peak96
software on a Gateway 2000 486DX-33MHz PC that was interfaced to the integrator.
Data abstraction and summarization were performed in Microsoft EXCEL. Simulated
distillation analyses were performed on the integrator by re-analysis of the raw signal file
on the GC using a Hewlett-Packard SIMDIS software package. Simulated distillation
calibration was accomplished by analysis of a Hewlett-Packard C5-C40 aliphatic
hydrocarbon standard.
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2.7.1.2 Microcoulometry

Total halides in the oil were quantified using a Dohrmann DX-20B microcoulometer,
which displayed the result as total nanograms of chlorine detected. Samples were
introduced by a 1 uL syringe through the syringe port adapter. Usually, 3-5
determinations were made for each sample using a furnace temperature of 950°C and an
analysis time of five minutes. Triplicate analyses of standard mixtures of chlorobenzene in
isooctane were averaged to establish recovery. Recovery was defined as the mass ratio of
chlorine injected to chlorine detected. Syringe injection delivery is determined for each oil
sample by performing multiple 1 uL injections of the oil into glass wool within a GC
sample vial. The vial is then weighed on an analytical balance to determine mass of
delivery. Syringe injection delivery is roughly equivalent to sample density. The
concentration in parts per million of total halides in the oil are calculated from the
displayed value (as chlorine), recovery and syringe injection delivery.

2.7.1.3 Filtration

Occasionally, it was important to know the amount of xylene-irsoluble filterable solids in
the oil. This was accomplished by filtration over a 6 micron disk filter under aspirator
suction. The deposited solids were then washed with near-boiling xylene, allowed to air
dry and then weighed on the analytical balance.

2.7.2 Gas

2.7.2.1 Gas Chromatography

Routine GC analyses of pyrolysis gas samples were performed on a second Hewlett-
Packard 5890 Series II gas chromatograph that was specially configured for simultaneous,
automated analyses of fixed gases and light hydrocarbons. A sirgle pyrolysis gas sample
was introduced simultaneously to two 0.25 mL gas sample loops from the pressurized-
stainless steel vessel. In addition to the sample loops, the GC was equipped with two
thermal conductivity detectors (TCD) and four valves interfacec with the following five
1/8 in stainless steel packed columns:

2 ft 20% Sebaconitrile on 80/100 Chromosorb PAW
30 ft 20% Sebaconitrile on 80/100 Chromosorb PAW
6 ft Porapak Q 80/100

10 ft Molecular Sieve 13X 45/60

4 ft Molecular Sieve 13X 45/60

bR -

The valves, columns and timing are configured so that chromatographic separation occurs
in the manner described in the following paragraph.
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Using the two separate sample loops, identical 0.25 mL injections of gas are made onto
two different column configurations in the GC. In the first column configuration, Hj is
separated on column 5 and detected with TCD #1 using nitrogen carrier gas. TCD #1 is
switched off, TCD #2 is switched on and column 5 is-then backflushed. While the above
analysis is taking place, the remainder of the gas constituents begin to be separated on the
second column configuration. After 1,3-butadiene has passed from column 1 to column 2,
column 1 is backflushed to TCD #2 using helium carrier gas (helium carrier gas is utilized
for the remainder of the analysis). After O, N, CO and CH, have eluted from column 2,
they are isolated on column 4. Column 3 is then introduced to the carrier gas flow path,
where ethane and ethylene are isolated. CO, propane, propylene, all C4's and n-pentane
elute from column 2 and are detected at TCD #2. When gas flow resumes on column 4,
0., N3, CO and CH; elute and are detected at TCD #2. When gas flow resumes on
column 3, ethylene and ethane are detected.

Chromatographs were recorded on a Hewlett-Packard 3396 Series II integrator. The
integrator quantified the chromatographic peaks by comparison with peak areas for a
standard calibration gas mixture and converted the responses to gas volume (mole)
percents. Chromatographic signal files and report files were stored by the Hewlett-
Packard Peak96 software on the laboratory PC (mentioned previously) that was interfaced
to the integrator. Data abstraction and summarization were performed in Microsoft
EXCEL. From the volume percent data, EXCEL was utilized to calculate the specific
gravity, average molecular weight and heating value of the pyrolysis gas, along with the
weight percent of each gas component.

2.7.3 Solids

2.7.3.1 Gas Chromatography

Occasionally, the solids generated from the process contained significant concentrations of
high molecular weight aliphatic hydrocarbons (waxes). These types of samples were
analyzed by gas chromatography in the same way as the oil samples.

2.7.3.2 Chloride and Cyanide Ion Selective Electrode Measurement

When the solids appeared to be dry and free of hydrocarbons, they were occasionally
analyzed for chloride and cyanide by ion selective electrodes. Samples were prepared in
deionized water. The pH/ISE meter was calibrated with known standards in the expected
concentration range of the sample. The concentration of chloride or cyanide in the solid
sample was calculated from the displayed result and the mass ratio of solid material to
deionized water.
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2.7.4 Scrubber Liquor

2.7.4.1 Titration

During runs when the acid gas scrubber was utilized, regular titrations were performed to
verify that the capacity of the scrubber had not been exceeded. The scrubber liquor
contained both sodium carbonate and sodium bicarbonate. In order to determine the
concentrations of both carbonate and bicarbonate in the sample, a two-stage titration was
performed with standardized 1 M HCI. In the first stage, the titration was performed to a
phenolphthalein end point to' determine carbonate concentration. In the second stage,
bicarbonate concentration was determined by continuing the titration to a methyl orange
endpoint. '

When the scrubber liquor contained sodium hydroxide, a single stage phenolphthalein
titration was performed to determine alkalinity.

2.7.4.2 Chloride and Cyanide Ion Selective Electrode Measurement

Occasionally, scrubber liquor samples were analyzed for chloride and cyanide by ion
selective electrodes. Samples were prepared by gravity paper filtration to remove oily
residue. The concentration of chloride or cyanide was taken from the display of the
calibrated pH/ISE meter.

2.7.5 Analysis of Plastic Feedstock

Analyses of the plastic feedstock were performed during some runs to roughly determine
the nature of the resin types in a feed mixture. The plastic was immersed in a 10%
solution of sodium chloride, where polyethylene, polypropylene and polystyrene float.
The floating and sinking materials (PET and PVC) were separated, rinsed, dried and
weighed to determine the concentration of low and high density plastics. If the plastic
mixture was in pellet form, it was possible to visually separate the high density materials
by resin type.

2.8 Off-Site Chemical Analyses

Many analyses of samples from the project were performed by contract laboratories or
laboratories located off-site. All of these analyses are included with the supporting
documents to this report.
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The following sample analyses were performed:

Oil

Gas chromatography/mass spectrometry analyses
Physical properties characterizations

Elemental analyses

Fractional distillation

Soli

—
Q.

S

¢ Elemental analyses
e TCLP characterizations
e Particle size distribution

Scrubber liquor and other water samples
¢ Volatiles and semi-volatiles by GC/MS analyses

e Chemical and physical properties characterizations
¢ Elemental analyses

Plastic feedstock
e Analyses to determine resin type and concentration
o Elemental analyses

2.9 Methods Used For Yield Calculations

During the course of the project, yields were calculated by one of several related methods.
Yield calculations changed primarily with the evolution of better methods for oil and gas
measurement. As the project matured, the instrumental configuration of the unit evolved
considerably and the reliability of oil and gas measurement devices increased substantially.
Excellent yield data are available for nearly all runs that were conducted during the
parametric study. Currently, the DART unit provides good measurement capabilities in
the following five areas that are crucial to calculation of product yields: feed, heavy oil,
light oil, gas and solids. The locations, and configurations of the actual measuring devices
are described in section 2.3.

The operator feed control station records the weight of feed that was utilized during a run.
Before Run 58, it was only possible to measure the weight of pelletized plastic that was
processed. This measurement was accomplished by means of a floor mounted scale.

Heavy and light oil production were measured in one of three ways (listed in decreasing
order of reliability and consistency): gauge glass measurement of sump oil level, strain
~ gauge measurement of oil collected in the storage tanks and capacitance probe
measurement of sump oil level. Currently, gauge glass measurements are utilized for both
sumps. Specific gravities of the heavy and light oils were determined to be approximately
0.8 and 0.7, respectively at sump operating temperatures of 140 °F (heavy oil) and 50 °F
(light oil). The geometric dimensions of the sumps were used to calculate the sump
volumes at 0.5 in. increments. These estimated volumes and specific gravities were used
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to calculate the weight of oil produced over a given interval during a run. Verification of
level measurements was performed by comparison of sump level calculations with the
weight of oil collected in the storage tanks. Before installation of the gauge glasses after
Run 26, oil production was based solely on the net weight of oils collected in the storage
tanks. Capacitance probe measurements were primarily used for calculations during the
shakedown runs. During runs in which oil with high levels of organochiorides (>100 ppm)
were produced, the oil was pumped into 55-gallon drums. For these runs, only the gauge
glass measurements were available for oil production measurements.

Gas flow rates were measured by rotameters. Total gas production volume was converted
to weight after correcting for specific gravity and the volume of nitrogen which was added
as a sweep gas in several parts of the unit.

Solids production was based on the weight of solids collected in a 55-gallon steel drum
resting on a platform scale.

Before Run 26, heavy aliphatic hydrocarbons (waxes) condensed in the end bell and
accumulated in the solids collection system. Analysis of the solid product by hot xylene
washes revealed virtually no carbon residue. In these cases, the calculated oil yield is the
cumulative total of liquid and wax production.
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3. Pyrolysis Within The DART Unit

3.1 Pyrolysis

In true pyrolysis, organic materials are thermally decomposed within an oxygen-free,
externally heated, temperature-controlled environment. Materials are fed at a controlled
rate directly into the oxygen-free environment which is maintained at a controlled
temperature of sufficient magnitude to ensure complete thermal degradation of the

polymers.

For polymers such as thermoplastics, the pyrolysis process proceeds through the following
steps:

Melting of the polymer

Heating of the liquid to incipient depolymerization temperature
Thermal depolymerization (decomposition) of the polymer chain
Volatilization of the low molecular weight products

® o o o

As a result of pyrolysis, liquids, solids and noncondensable gases are produced. Polymers

such as polypropylene, polyethylene and polystyrene are ideal feedstocks for pyrolysis
because they consist entirely of carbon and hydrogen. Products from the pyrolysis of
these types of materials therefore consist predominantly of light gases (such as hydrogen,

methane and C2 - C4 gases), aromatic and aliphatic liquid hydrocarbons and minor

amounts of coke.

In the DART unit, the pyrolysis process is thought to occur in the retort as shown in

Figure 15.
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Figure 15 Pyrolysis within the DART unit
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Plastic feedstock is introduced to the inlet end of the retort as a solid, where it melts. In
the melting zone, the process auger gradually moves th: semi-molten material away from
the inlet while spreading the material over a wide area of the retort circumference.
However, as the material melts and starts to depolymerize, its viscosity decreases and it
accumulates as a liquid on the bottom of the retort.

In the melting and heating zone of the retort, the temperature of the lower retort surface
increases in the direction of the outlet due to the large amount of heat required to melt the
solid polymer material. As the semi-molten material moves through the heating zone, it
continues to absorb heat from the lower retort surface until it reaches its depolymerization
temperature. In the pyrolysis zone, the material depolymerizes and volatilizes. It is
thought that melting, heating and decomposition of piastics do not occur as discrete
processes within specific areas of the retort. Rather, it is likely that these processes occur
simultaneously to some degree in all retort regions, since the process auger is operated in
a cyclic forward-reverse rotation. There is thought tc be even less separation of the
various pyrolysis processes within the retort when the plastic feedstock contains different
polymers, each with different melting and decomposition temperatures. However because
of the temperature gradient within the retort mos: of the depolymerization and
volatilization probably does not occur until the later half ¢ f the retort.

Hydrogen chloride (HC) is produced by thermal decomposition of polyvinyl chloride
(PVC) beginning at about 450 °F. When the plastic feedstock contains PVC, lime hydrate
[Ca(OH),] is mixed with the plastic as it enters the inlet end of the retort. When the
mixture of molten plastic and lime hydrate reaches 450 °F, liberated HCl is neutralized by
reaction with the lime hydrate to form calcium chloride (CaCl;) and water. Carbon
dioxide (CO,), hydrogen cyanide (HCN) or ammonia (NH;) may be produced by thermal
decomposition from polymers that contain oxygen or nitrogen as part of their molecular
skeletons. It is thought that HCN and CO, are also neutralized by reaction with the lime
hydrate.

3.2 Temperature Measurement

It is not possible to directly measure the pyrolysis reaction temperature in the DART unit.
Because of this, it was necessary to establish an alternate means of measuring the retort
temperature in order to approximate the actual pyrolysis te mperature. Figure 7 shows the
locations of the thermocouples within the shaft of the process auger. For all further
discussions in this report, the retort temperature is defined as the temperature measured at
thermocouple #3 (TC3). The furnace temperature is measured by thermocouples #8 and
#9 (TC8 and TC9).

For a typical run (base feed at 100 Ib/hr, furnace temperature at 1100 °F), the temperature
near the inlet or feed entrance (TC1) is usually 200 °F lcwer than the mid-point of the
retort (TC3) and 50 °F lower than TCS5 near the outlet end of the retort.
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3.3 Hydrocarbon Product Distribution

As stated previously, one of the primary goals of the project was to characterize the
hydrocarbon product distribution from the pyrolysis of a variety of single polymers,
polymer blends and waste plastic mixtures. In the DART unit, the hydrocarbon product
distribution is dependent upon the following variables:

o Type of polymer(s)
e Pyrolysis severity -

Hydrocarbon partial pressure is often an important variable in pyrolysis reactors because it
determines how long the reactants are in the reactor and can greatly influence the product
yields and compositions. Partial pressure does not play a major role in the DART unit for
two reasons. First, the DART unit operates at slightly less than ambient pressure.
Second, nitrogen gas that is added to the feed system partially lowers the hydrocarbon
partial pressure within the retort. It is thought that the combined effect of the these
factors may somewhat lower the propensity for coke formation in the DART unit.

However, these factors are not thought to significantly affect the pyrolysis reactions in any
other way.

In the DART unit, the pyrolysis product distribution was thoroughly investigated for a
number of single and mixed polymers at several different levels of pyrolysis severity.

These investigations are discussed generally below and in detail by polymer type in Section
42,

3.3.1 Type of Polymer

The type of polymer used as feedstock in the DART unit greatly affects the hydrocarbon
product distribution. At low levels of pyrolysis severity (severity is discussed below), the
carbon-carbon bond rupture is the dominant reaction process and results in products that
resemble the molecular skeleton of the polymer. Polyolefins produce aliphatic
hydrocarbons (primarily alpha olefins) and polystyrene produces high yields of styrene,
with some styrene dimer and other alkyl aromatic compounds. Polymers like PET, PVC
and polyurethane contain atoms other than carbon and hydrogen and decompose in a more
complicated manner that is dependent upon severity and their molecular structure.

Results of the pyrolysis work at Conrad Industries confirmed related studies at the Energy
and Environmental Research Center (EERC) in which a fluidized bed reactor was used.
Both studies demonstrated that the different types of polymers depolymerize at different
temperatures and that significant molecular rearrangements occur at elevated
temperatures. Blends of various polymers also had a tendency to depolymerize at lower
temperatures than the individual polymers in the blend. Similar results were found in this
program using the DART unit.
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Polystyrene and polypropylene depolymerize at lower temperatures because they have
benzylic and tertiary carbons which can form more stable carbocations or radicals than
carbon atoms found in polyethylene. The first step in depolymerization is either breaking
a carbon-hydrogen or carbon-carbon bond. These bonds are easier to break if the
resulting carbocation or radical can be stabilized by a larger carbon backbone. Aromatics

- and branched aliphatic backbones greatly increase this stability and lower the
depolymerization temperatures.

The studies at Conrad Industries also confirmed EERC results, in which it was easy to
depolymerize materials such as polypropylene and polystyrene and that these polymers can
facilitate or catalyze the depolymerization of other polymers. For example, a 50:50
mixture of PP:HDPE completely depolymerized before ever reaching the depolymerization
temperature for HDPE. The products also contained higher yields of liquid products than
would PP if it were pyrolyzed alone at that temperature. These results are consistent with
a mechanism where depolymerization begins in the polypropylene backbone. The
resulting products are a mixture of PP, HDPE and joint PP-HDPE decomposition
products and are more resistant to further depolymerization than PP decomposition
products are alone. These results led to the use of a base mixture of HDPE:PP:PS for the
DART program.

Substantial thermal rearrangements of the polymer chain occurred at -elevated
temperatures. For polyethylene and polypropylene, pyrolysis temperatures around 1300
°F produced elevated yields of aromatic products and noncondensable gases and
decreased yields of aliphatics. At these temperatures two competing decomposition
mechanisms must be occurring: a chain cleavage mechanism to produce lower molecular
weight products in the C1-C5 range and a cyclization-dehydrogenation process to produce
stable aromatic compounds. At higher DART retort temperatures, high yields of
aromatics are seen.

3.3.2 Pyrolysis Severity

Results from several other pyrolysis research programs indicate that many factors
determine the completeness of the pyrolysis process and the composition of products. For
this study, the term ‘pyrolysis severity”is used as a relative measure of the severity of the
process conditions and the completeness of decomposition of the polymer feedstock.
Pyrolysis severity greatly influences the hydrocarbon product distribution and severity is
affected by the following variables:

e Temperature
¢ Polymer feed rate
e Residence time
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For most of the studies, the feed rate was controlled at between 100 Ib/hr and 120 Ib/hr.
Residence time is hardware-dependent and affected by the feed rate. It is discussed
separately below. For a given polymer feedstock under these conditions, temperature is
thought to be the predominant pyrolysis variable in most of the DART studies.

Under conditions of low severity in the DART unit, decomposition to relatively large
molecular homologues of the polymer skeleton occurs. As a result, coke formation is low,
overall gas production is low and the concentrations of hydrogen and methane are low.

At higher severity (i.e. high temperatures), more coke and larger amounts of gas with
higher concentrations of hydrogen and methane are produced. As pyrolysis severity
increases, oil production declines and the degree of unsaturation of the oil increases. Oil
produced under conditions of high severity is highly aromatic (see section 3.3.1).

A commonly used indicator of operating severity is the temperature at the outlet of the
retort, but because of mechanical conditions, it was not practical to install a thermocouple
in the retort outlet. Some indication of temperatures reached within the retort was
provided by temperatures measured by thermocouples installed at specific points within
the hollow shaft of the process auger (see Figure 7).

3.3.3 Residence Time

Residence time is a measure of the time between the start of incipient cracking and the exit
of pyrolyzate from the retort. Higher feed rates shorten the residence time because
elevated gas production increases the velocity of the gas. At extremely high feed rates,
molten liquid can accumulate in the solids collection system.
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4. Results and Discussion

During the project, 76 runs were completed. The runs are classified into the followmg
categories according to run objectives and results: -

Shakedown runs

Parametric study

Post-consumer plastic studies
Recycling of wax and chlorinated oils

Appendix 8.7, Run Classifications, lists all of the runs, denoting dates, feedstock, objective
and run results. Runs that are classified as aborted in Appendix 8.7 will not be further
discussed unless the run produced significant valuable information.

A standard resin mixture was utilized for all of the shakedown runs and many of the runs
in the parametric study. This mixture is denoted as the "base" blend for the project and
was designed to be roughly representative of a typical post-consumer plastic waste stream.
The resin types and concentrations in the base blend are listed below.

High-Density Polyethylene 60%
Polypropylene 20%
Polystyrene : 20%

4.1 DART Shakedown Runs

All but two of the shakedown runs took place at the beginning of the project. The
purpose of these runs was to check the operability of the DART unit, observe system
behavior, determine operating conditions for maximum liquid yields and operate the unit at
various feed rates. Prior to the start of these studies, a crumb rubber feedstock, prepared
from tire tread, was fed to the DART unit at feed rates approaching 400 Ib/hr with no
indication of major difficulties.

4.1.1 Initial

The focus of the initial shakedown runs was to successfully operate the DART unit for an
extended period of time without major mechanical or operating difficulties. In accordance
with the original Test Plan (section 8.1), the first shakedown run was made at a furnace
temperature of 1250 °F and base resin feed rate of 140 Ib/hr. After four hours of
operatxon the run was aborted because incompletely pyrolyzed resin plugged the inclined
auger in the solids collection system. Seven more short runs were performed during the
first two weeks of operations. During this time, various mechanical and operational
problems were debugged. During two of the trouble-free periods, AM-TEST Air Quality,
Inc. performed extensive monitoring of emissions from the flare and retort furnace stacks.
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In Runs 7,8 and 9, the operating reliability of the DART unit was established. Run 9 was
the first long run that was not aborted due to mechanical or operating difficulties. Table I
lists the results of Run 9.

TableI Operating and yield data from Run 9

Furnace’ Hours of
Feed Rate Temperature Operation Liquid Yield Gas Yield
100 Ib/hr 1450 °F 30 35% 65%

4.1.2 Process Optimization

With operability of the DART unit established, the focus of the remaining shakedown runs
was to observe system behavior, determine operating conditions for maximum liquid yields
and operate the unit over a range of feed rates.

Run 10 was conducted with a base resin feed rate of approximately 50 Ib/hr. During the
96-hour run, the furnace temperature was lowered in four steps from 1300 °F to 1000 °F.
As the furnace temperature was lowered, the liquid yield increased dramatically. A yield
of approximately 80% was achieved at the end of Run 10, as shown in Figure 16..
However, at the lowest furnace temperatures, a significant amount of moist material was
collected in the solids collection drum. This material was identified by gas
chromatography as a wax comprised of a mixture of C25-C50 aliphatic compounds.

The objective of Run 11 was to increase the feed rate in a controlled fashion to a value
greater than 100 Ib/hr. This run lasted 66 hours and was conducted over a range of
furnace conditions. A feed rate of 120 Ib/hr was achieved at the end of the run. In an
attempt to reduce wax production, the furnace was controlled so that a temperature
gradient was established within the furnace chamber. The maximum gradient resulted
from temperatures of 1060 °F at the inlet end of the furnace chamber and 1220 °F at the
outlet end. No reduction in wax production resulted from these furnace temperature
gradient tests.

Runs 12-16 focused on reducing wax production by the use of various furnace
temperature gradients. None of these efforts were successful, so the experiments were
abandoned for the purpose of commencing with the parametric study. High wax yields
were a result of design inefficiency in the end bell and were resolved when improvements
were made in the end bell.
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Figure 16 Liquid yield during Run 10

Several important mechanical additions and modificaiions to operating practices were
made on the DART unit during the shakedown runs. .\fter Run 9, the level capacitance -
probes in the high and low temperature condenser sum s were calibrated in weight units
using diesel fuel. Use of these probes was later abandoned. During Run 10,
thermocouples were installed at several points in the hollow shaft of the process auger.
During Run 12, the practice of entering operating data on the computer was initiated. The
retort sampler was commissioned during Run 12 and modified to its final configuration
(see Figure 14) by Run 16. The rotary airlock that separated the outlet end bell from the
solids collection system was also replaced by a simple gate valve during Run 12. A weigh
scale was installed during Run 13 to measure the weight of material accumulating in the
solids collection system. The safety practice of purging the solids auger with nitrogen was
initiated in Run 14 to reduce the accumulation of pyro'ysis gas in the solids collection
system.

Gas flow measurements were suspected to be inaccurate -hroughout the shakedown runs.
It was only after Run 24, when conventional rotameters vere installed, that the gas flow
measurements were considered to be reliable. Altho .gh hourly estimates of liquid
production proved unreliable because of operating difficul ies with the capacitance probes,
the overall production of liquids was accurately measured by the strain gauges on the two
4,000-gallon oil storage tanks.

It should be pointed out that during the shakedown ru:s, the condition of the inside
surface of the retort was unclear. It is now known that tae interior surface of the retort
becomes coated with hard amorphous carbon approxirately 2" thick, which is the
distance between the retort shell and the blades of the process auger. There is no
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indication of carbon spalling, so it must be assumed that this carbon coating is always
present. The shakedown runs and yield calculations may have been affected by gradual
carbon buildup from an initial clean surface condition.

The American Plastics Council/Conrad Industries, Inc. test program had targeted resin
feed rates of 300 lb/hr but the maximum achieved during the shakedown period was less
than 150 Ib/hr. The reason for this is discussed in section 4.2.2.

4.2 Parametric Study

The general objective for the parametric study was to demonstrate the capability of
pyrolysis for recycling many different combinations of resin types which might be
encountered in post-consumer plastic packaging. To accomplish this objective, a variety
of resin blends were studied under a range of different operating conditions using the
DART unit. Initial studies used virgin resin in the form of "base blend". Later, several
post-consumer plastic samples from a variety of sources were evaluated. The DART unit
was used as a model for larger Conrad units and other pyrolysis designs. Excellent data
and a better overall understanding of pyrolysis of waste plastics was achieved. However,
the DART unit, because of its smaller size and older design provided limitations to
achieving some of the initial goals (namely capacity). The initial goals of the parametric
study were the following:

e Determine the limitations of pyrolysis for handling certain resin types and
critical impurities.

e Evaluate conditions and techniques to maximize oil yield.
¢ Evaluate conditions and equipment design to increase capacity.
e Produce marketable oil with low levels of organochlorides.

¢ Develop an understanding of the gas, liquid and solid product compositions
that result from variations in resin types and operating conditions.

e Develop an understanding of the process chemistry for different resin
feedstocks and operating conditions.

e Compile data to be used for scale-up to a commercial recycling unit.

The parametric study is broken down into eleven major areas of emphasis according to
type of feedstock. The discussion that follows focuses on product and compositional
yields, process chemistry and process operation at a variety of operating conditions. A
large number of runs were conducted using resin blends containing >95% base resin with
low levels of PVC, PET or other material. Runs that utilized these slightly altered base
resin blends provide valuable comparative information and are summarized in Section
42.12 in addition to sections dealing specifically with PVC, PET and other spiked
feedstocks.
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For most of the studies, a concerted effort was made to operate under similar conditions
for all runs, so that valid comparisons could be made between the runs. Therefore, the
target feed rate was 100-120 Ib/hr for most runs. It is important to note that a large
number of mechanical and operating improvements were made to the DART unit during .
the project. In some cases, these improvements may have significantly altered the
pyrolysis process to a degree that may have impacted product and componential yields and
process chemistry.

The following discussions refer frequently to retort temperature, which is defined in
section 3.2.

4.2.1 Base Feed

Base resin (60:20:20 ratio of HDPE:PP:PS) was utilized for all of the shakedown runs and
several of the runs in the parametric study. The first comprehensive study of base resin
pyrolysis took place during Run 21. In this run, base resin was recycled at three different
retort temperatures, 1100 °F, 980 °F and 890 °F. It can be seen from the yield data in
Table II that oil production at 890 °F was more than twice that at 1100 °F. The gas yield
dropped significantly over the same temperature range.

TableII Operating data and yields for Run 21

Run Number 21A 21B 21C
Operating Conditions
Feed Rate (Ib/hr) 126 125 128
Furnace Temp. (°F) 1300 1200 1100
Retort Temp. (°F) 1100 980 890
‘ Normalized Yields (wt%)

Oil Yield 35.0 63.0 79.0
Gas Yield 61.0 37.0 21.0
Gas Component Yield (wt%)

Hydrogen 0.12 0.04 0.02
Methane 4.6 20 0.7
Ethane 1.0 0.8 0.4
Ethylene 8.8 4.5 1.7
Propane 2.0 1.7 1.1
Propylene 14.6 8.1 3.7
Total C4's 16.7 112 59
Other 13.0 8.9 7.7
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Table II Continued

Run Number 21A 21B 21C
Retort Oil Component Yield (wt%)

Total Aliphatics 9.0 23.9 272
'<C10 4.8 " 12.0 11.9
Cl11-C20 2.9 6.6 7.4

> C20 1.3 53 7.9
Total Aromatics 22.2 29.0 36.9
Benzene 1.9 1.2 0.7
Toluene 5.3 5.5 6.9
Styrene 6.5 10.0 14.4
Unidentified 3.8 10.1 14.9

Table II shows that for Run 21, all of the gas componential yields decreased as the retort
temperature decreased. The decrease in the yields of methane and hydrogen were more
pronounced than for the other gas constituents.

Oil produced at a retort temperature of 1100 °F contained a higher aromatic/aliphatic ratio
than oil produced at lower temperatures. The individual yields of the predominant
aromatics in Run 21 show some interesting trends. Benzene concentrations increase at
higher temperatures by a factor of three while toluene levels remain relatively unchanged.
However the yield of styrene decreases as the temperature is increased. At high
temperatures, it is not known whether styrene is lost through formation of dimers or
through further breakdown to benzene and smaller hydrocarbons. Styrene is discussed
further in section 4.2.3. Both high aromatic content and high benzene yield are expected
at high pyrolysis severity because increased cyclization and dehydrogenation of aliphatic
compounds are known to take place at elevated temperatures. The total yield of C21+
aliphatics was five times higher at a retort temperature of 890 °F than at 1100 °F, while
the corresponding yields of C11-C20 and <C11 aliphatics were about two times higher.
The high yields of heavy aliphatic compounds at lower temperatures help explain the
presence of wax in the solids collection system. This topic is discussed later in this
section.

Boiling range distributions of the retort oil produced during Run 21 under the three retort
temperature conditions are shown in Figure 17 in graphical format.

As noted previously, accumulation of C25-C50 waxes in the solids collection system
occurred during the shakedown runs and the first few parametric study runs. It is thought
that the production of these compounds and their subsequent segregation in the solids
collection system are due to three main factors. First, the low severity conditions that give
rise to high oil yields are also responsible for less energetic decomposition of the polymer
skeletons of PE and PP. This results in higher concentrations of aliphatic decomposition
products in the C25-C50 range.
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Figure 17 Boiling range distributions of retort oil from Run 21.

The retort temperature for each data series is indicated in parentheses.

Second, the inner surface of the outlet end bell is significantly cooler (~200-300 °F) than
the hot pyrolyzate gas as it exits the retort. Molecular decomposition products with
boiling points above the temperature of the inner end bell surface may therefore condense
before reaching the first quench fitting in the high temperature condenser. Third, under
conditions of low pyrolysis severity, the total molar gas production is also low, which
results in a raising of the dew point of the retort gases. It is thought that low gas
production exacerbates the problem of inner end bell condensation by allowing the hot
pyrolyzate gas more time to pass through the cold end bell. The problem of wax
accurnulation in the solids collection system was solved after Run 26. The material
collecting in the solids collection system consisted of dry carbon spalls (1/8" diameter
flakes) which were probably formed by the process auger scraping against the retort walls
(which are usually covered with a hard amorphous carbon deposit). The heavy aliphatic
fractions were collected in the high temperature condensing system.

Gas chromatography/mass spectrometry (GC/MS) analysis of oil produced from base resin
\ was performed by the Mass Spectrometry Facility at Montana State University in
J Bozeman, Montana. The oil was a composite sample of liquid product from the first 24
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runs. The GC/MS analysis, a numerical analysis of the GC/MS data and accompanying
explanatory information are listed in section 8.4 of the Appendix.

The physical and chemical properties of several oil samples produced from base resin were
determined by Comsource American in Pasadena, Texas. The analytical results are shown
in Table III and include information for two different samples. The sample identified as
B06161445.PO was removed from the product storage tank on 6/16/93, after the first ten
shakedown runs. The sample identified as B08161600.PO was removed from the product
storage tank after the last shakedown run (Run 16), and is representative of an oil
shipment sent to Lyondell Petrochemicals in Houston, Texas on 11/8/93.

Table III Physical and chemical properties of oil produced from base resin

Analysis B06161445 PO B08161600.PO
Specific Gravity 0.98 0.87
Flash Point, PMCC, °F 36 <20
Reid Vapor Pressure, psi 1.30 4.1
pH 4.7 5.8
Pour Point, °F <30 20
Viscosity @ 75 °F, cst 2.65 3.50
Viscosity @ 122 °F, cst 1.73 1.50
Sulfur, ppm 391 649
Nitrogen, ppm 549 2081
Organic Halides, ppm 46.5 49.2
Inorganic Halides, ppm 69.5 67.8
Water, Karl Fischer, wt% 0.08 1.35

After Run 42, the inventory of base resin was insufficient for further testing, so additional
base resin was ordered from Muehistein. However, during initial tests with the new base
blend during Run 43, serious operational difficulties developed that were related to
incomplete pyrolysis of the resin mixture. Subsequent analysis by APC revealed that a
significant portion of the new base blend was ultrahigh-molecular-weight high-density
polyethylene (UHMWPE) rather than regular HDPE. Thermal depolymerization of
UHMWPE is expected to require substantially higher temperature than regular HDPE due
to the lack of branching and reactive centers. It is therefore strongly suspected that the
difficulties experienced during Run 43 were a direct result of the presence of UHMWPE in
the new base resin blend. This feedstock was not utilized for any further testing.

4.2.2 Capacity

The original APC/Conrad test plan assumed that resin feed rates of 300 Ib/hr would be
possible in the DART unit. However, beginning with the first shakedown run and
continuing with several parametric study runs, it became apparent that this feed rate
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objective would be difficult to reach if hish liquid yields were also to be attained.
Attempts were made to determine the capacit - (maximum feed rate possible) of the DART
unit during Runs 22, 45 and 47. All of th:se runs were eventually suspended by the
appearance of incompletely pyrolyzed resin it the solids collection system when the resin
feed rates approached values near 200 Ibtr. The capacity of the DART unit was
therefore defined as the maximum feed rate a1 :ained before the appearance of unpyrolyzed
resin. A good approximation of the capacity of the DART unit for recycling base resin
was attained during Run 45 (see Table IV), when a feed rate of 178 Ib/hr was sustained
for 14 hours without interruption or difficulty.

Table IV Operating and yield data from Run 45

Furnace Retort Hours of
Feed Rate  Temperature  Temperature Operation Liquid Yield Gas Yield
178 Ib/hr 1450 °F 930 °F 14 68% 32%

The pyrolysis process consists of four endothermic steps: melting the plastic feedstock,
heating the molten plastics to depolymerization temperature, depolymerization of the
plastics and volatilization of the products. The critical factors which govern the capacity
of the unit are feedstock type, temperature, hea: transfer, and residence time. The DART
unit is a single stage pyrolysis demonstration unit and has a relatively short retort, which
results in a limited residence time.

At high feed rates, excessive amounts of waxy materials were produced and collected in
the solids collection drum. This suggests that to increase the capacity of the DART unit,
the residence time of the liquid polymer in the retort must be increased to allow it enough
time to reach depolymerization temperature and complete the decomposition to volatile
products.

The capacity of the DART unit for plastics was originally estimated at 300 lb/hr based on
experience with the pyrolysis of crumb rubber from scrap tires at that feed rate. The
discrepancy between the original tire-based feed rate objective and the results of DART
capacity experiments derives from two major diferences in the way that base resin and
tires decompose in the unit. First, the thermal energy required to decompose tires to
volatile products is less than that required for base resin. (Roughly 30% of the tire
feedstock is carbon, which remains relatively uncl-anged by addition of heat.) Second, the
efficiency of tire pyrolysis in the Conrad/Kleena r system is probably inherently greater
than that for most plastics. It is believed that tie tire feedstock is exposed to a large

- circumferential area of the inner retort surface by 1 he interaction of the tire pieces with the
process auger. Plastic is envisioned to rapidly melt and maintain contact as a liquid only
with the lower retort surface. The combination >f slightly higher efficiency with lower
thermal energy requirement for decomposition re: ults in a higher capacity of the unit for
tires than for base resin.
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Table V Continued

Run Number 18A 18B 18C
Normalized Yields (wt%)

Qil Yield 36.0 ‘ 52.0 77.0
Gas Yield 61.0 48.0 23.0
Retort Oil Selected Component Yield (wt%)

Total Aliphatics 6.9 14.8 24.9
Total Aromatics 25.6 31.5 38.7
Benzene 2.1 1.1 0.9
Toluene 5.8 5.6 6.2
Styrene 1.6 12.8 16.9

100% PS was recycled during Runs 50 and 51. Run 50 used virgin PS pellets, while Run
51 used ground, densified post-consumer polystyrene supplied by Mobil. As shown in
Table VI, the oil yields for both runs were extremely high, near 95%. Tables VII and VIII
include process data and information from the raw GC analyses which provides insight
into the PS depolymerization process. The designation of Styrene dimers in Tables VII
and VTII refers to the total FID area percent for a group of prominent GC peaks that are
suspected to comprise the various homologues of styrene-styrene dimers with GC
retention times slightly longer than that for biphenyl. '

Table VI Product yields from Runs 50 and 51

Run 50 Run 51
Oil Yield (wt%) 95.6 94.0
Gas Yield (wt%) 3.5 6.0

In Run 50, PS was introduced to the DART unit at three different feed rates, 150, 195 and
250 Ib/hr. At 250 Ib/hr, PS pyrolysis was studied at retort furnace temperatures of 1250
°F and 1400 °F. It can be seen from Table VII that at high retort temperatures (GC Runs
733, 738 and 748) the concentrations of benzene and toluene are elevated with respect to
methyl styrene and the styrene dimer peak group. At low temperatures (GC Runs 741,
742 and 743), the opposite is true. In addition, the concentration of methane in the
pyrolysis gas was as high as 6.6% under high temperature conditions and as low as 2.9%
at low severity. It appears from Table VII that there is a delicate relationship between
styrene concentration and pyrolysis temperature. Unexpectedly, the concentration of
styrene in the oil was highest at the intermediate/high severity level found in GC Run 748
and not at a low severity level such as for GC Run 743. The liquid yield for Run 50 was
about 96%, which resulted in a 58% yield of styrene monomer.
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Table VII Selected GC and process data from PS (Run 50)

GC Run No. 733 738 741 742 743 748
Sample I.D. 6/114:40 6/202:00 6/210:30 6/2 14:45 6/216:50 6/3 00:00
Feed Rate (Ib/hr) 150 150 195 195 250 250
Furnace Temp. (°F) 1250 . 1250 1250 1250 1250 ‘1400
Retort Temp. (°F) 1025 1002 915 898 837 981
Total Aliphatics 5.9 8.0 11.7 14.3 13.8 8.2
Total Aromatics 93.0 90.8 87.3 84.5 84.7 91.0
Benzene 0.8 0.4 0.3 03 0.2 0.6
Toluene 12.4 9.8 6.6 57 5.7 8.9
Ethyl Benzene 9.0 6.7 5.7 6.2 7.2 5.7
Styrene 59.3 61.1 62.1 59.1 56.9 64.9
Methyl Styrene 5.5 6.3 7.3 8.0 104 5.8
Styrene Dimers 29 4.9 8.4 10.4 10.5 5.4

During Run 51, it was impossible to measure the feed rate of the finely ground PS
feedstock, so the yield values in Table VI were calculated from oil and gas production
data. In this run, PS pyrolysis was studied at retort furnace temperatures of 1250 °F and
1100 °F. Table VIII shows that the pyrolysis results for Run 51 agree reasonably well
with those for Run 50. However, the concentrations of benzene and toluene in GC Runs
753, 754 and 756 are much higher than for any portion of Run 50. In addition, the styrene
concentration is markedly diminished in these runs. It is likely that the higher retort
temperature recorded during the time when these samples were taken may have caused
more extensive decomposition of the polystyrene. It is also possible that impurities in the
waste polystyrene feed or degradation of the feedstock prior to the run may have
contributed to the small differences between the data from Runs 50 and 51. The liquid
yield for Run 51 was about 94%, which resulted in a 49% yield of styrene monomer.

Table VIII  Selected GC and process data from PS (Run 51)

GC Run No. 753 754 756 763 766 767
Sample I.D. 6/8 10:30 6/8 14:00 6/902:00 6/917:15 6/923:00 6/1001:00
Furnace Temp. (°F) 1250 1250 1250 1100 1100 1100
Retort Temp. (°F) 1054 1051 1070 922 874 884
Total Aliphatics 6.5 7.1 5.6 6.5 8.2 6.5
Total Aromatics 92.8 91.1 93.4 92.4 91.2 929
Benzene 13 1.4 1.7 0.5 0.4 0.5
Toluene 14.0 14.0 15.7 10.9 93 10.2
Ethyl Benzene 15.0 142 13.9 13.5 145 18.9
Styrene 49.1 48.1 48.6 54.0 56.0 52.0
Methyl Styrene 6.2 6.3 5.5 6.9 7.4 7.4
Styrene Dimers 2.2 2.5 1.9 3.4 48 33
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The data from Runs 50 and 51 suggest that the DART unit is well suited for recycling
polystyrene. High feed rates are easily attainable without mechanical difficulties, oil
viscosity is relatively low and yields of styrene and other mono-aromatic species are very
high. In future investigations, it may be possible to further fine-tune the DART unit
specifically for polystyrene processing. Under optimal conditions, feed rates in excess of
300 Ib/hr may be achievable on the DART unit with overall styrene yields of 60-65%.

4.2.4 Base Feed Spiked With Low-Density Polyethylene

The pyrolysis of base resin'spiked with LDPE was studied during Run 19. The resulting
resin concentrations in the feed mixture are listed below.

High-density polyethylene  44%
Polystyrene 15%
Polypropylene 14%
Low-density polyethylene  27%

As with the studies of base resin and base resin spiked with PS, the LDPE-spiked feed was
processed at three different retort temperatures, 1100 °F, 1000 °F and 910 °F. Table IX
lists the operating conditions, product yields and product componential yields for the
study. The yield of oil at a retort temperature of 910 °F was twice that for 1100 °F.
Comparison of the LDPE data in Table IX with the data for base resin in Table II reveals
that the pyrolysis gas componential analyses for the LDPE-spiked feed are nearly identical
to those for the base resin mixture at all three retort temperatures. As expected, the retort
oil yield of C21+ aliphatic compounds was significantly less for the LDPE study than for
base at retort temperatures of 1100 °F and 1000 °F. However, the C21+ yields are quite
similar at 900 °F. The lower yields of C21+ aliphatic compounds can be explained by the
extensive branching due to the co-monomer in LDPE. The material is acting more like PP
than HDPE. In most other respects, the results of the LDPE study were very similar to
those for base resin.

Table IX Operating data and yields for base feed and LDPE

Run Number 19A 19B 19C
Operating Conditions
Feed Rate (Ib/hr) 108 111 104
Furnace Temp. (°F) 1300 1200 1100
Retort Temp. (°F) 1100 1000 910
Normalized Yields (wt%)
Oil Yield 41.0 52.0 82.0
Gas Yield 56.0 48.0 18.0
(ONR4,) 49
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Table IX Continued

- Run Number 19A 198 19C
Gas Component Yield (wt%)

Hydrogen 0.10 - 0.05 0.02

Methane 4.5 24 0.7

Ethane 3.0 : 29 0.9

Ethylene 8.4 53 1.5

Propane 1.8 1.9 1.0

Propylene 12.9 9.7 3.1

Total C4's 13.8 13.5 52

Other ‘ 11.6 12.4 5.6

Retort Oil Component Yield (wt%)

Total Aliphatics 10.9 19.1 323
<C10 7.0 11.5 15.3
Cl1-C20 3.0 6.0 8.6
> C20 0.9 - 16 8.4

Total Aromatics 25.8 27.0 354
Benzene 3.1 15 0.8
Toluene 6.4 5.8 6.4
Styrene 6.4 9.0 12.1

Unidentified 43 59 143

4.2.5 Polypropylene

Polypropylene, like polystyrene was easier to pyrolyze than the base resin blend (60%
HDPE, 20% PP, 20% PS). During Run 76, pyrolysis of PP at a retort furnace
temperature of 1200 °F resulted in a gas yield of 50%, while base resin required
temperatures of 1300-1400 °F to reach the same gas yield. In addition, during one portion
of Run 76, a retort temperature as low as 800 °F was attained before a relatively small
amount of wax began to accumulate in the solids collection system.

Run 57 used a virgin PP feedstock, but only during a four-hour period. Although stable
conditions were not reached due to the short duration of the run, valuable preliminary
information was obtained. Runs 76A (retort temperature of 930 °F) and 76B (retort
temperature of 840 °F) were made from post-consumer PP having an approximate purity
of 95% (the balance consisted of polyethylene, cellulose and soil). Oil yields were about
50% for Runs 57 and 76A and 65% for Run 76B and are shown in Table X.
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Table X Operating data and yields for PP (Runs 57 and 76)

Run Number 57 T6A 76B
: Operating Conditions

Feed Rate (Ib/hr) 112 94 94

Furnace Temp. (°F)- 1150 1200 1050

Retort Temp. (°F) 905 930 840

Normalized Yields (wt%)

Oil Yield ~50 48.1 65.7
Gas Yield ~50 49.7 30.9
Gas Component Yield (wt%)

Hydrogen 0.06 0.05 0.03
Methane 1.2 1.7 0.9
Ethane 26 32 2.0
Ethylene 13 1.8 0.8
Propane 1.4 1.7 1.1
Propylene 12.6 12.3 7.6
Isobutylene 11.5 12.8 7.4
Other C4's 2.0 2.6 1.3
n-Pentane 6.3 5.9 3.6
>n-C5 8.8 6.4 5.1
Other 2.2 1.2 1.1
Retort Oil Component Yield (wt%)

Total Aliphatics 35.4 289 44.7
<Cl10 23.7 21.0 28.7
Cl1-C20 9.6 5.9 11.5
> C20 2.1 2.0 45

Total Aromatics 8.8 10.2 14.0
Benzene : 0.6 1.0 0.9
Toluene 1.0 13 1.8
Styrene 0.5 1.4 1.7

Unidentified 5.8 9.0 6.9

The componential yield patterns for the gas and oil products from PP pyrolysis are unlike
those for any other feedstock. At every temperature during the three runs, gas yields were
high and three main components, propylene, isobutylene and n-pentane comprised more
than 60% of the pyrolysis gas by weight. These compounds accounted for 31% and 19%
of the total hydrocarbon yield at 930 °F and 840 °F, respectively. Another unique feature
of the PP gas yields is that the ethane concentration is greater than that for ethylene. The
yields of methane and ethylene were nearly equal to each other at both temperatures.
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A distinguishing feature of PP pyrolysis is the predominance of a particular C9 olefin in
the oil. In the raw oil analyses, the concentration of this single compound is as high as
25% and is five times greater than the concentration for any other species. The compound
was identified as 2,4-dimethylhept-1-ene by GC/MS analysis at the Energy and
Environmental Research Center (EERC) in Grand Forks, North Dakota. Also present at -
moderately high concentrations in the oil are a C5 olefin, C6 olefin, several C15 olefins
and some C21 olefins.

A detailed discussion of the depolymerization mechanisms for PP is beyond the scope of
this report, but the presence of tertiary carbon sites presumably allows facile
rearrangements and chain cleavage. One mechanism that explains some of the observed
compounds is the Rice-Kossiakoff cracking mechanism* shown in Figure 18.
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Figure 18 Rice-Kossiakoff cracking mechanism

* Rebick, C. (1983) In "Pyrolysis: Theory and Industrial Practice” (I;k F. Alggn.%m B. L. Cymes and W. H. Corcoran,
eds.), Academic Press, New York, pp. .
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Results and Discussion
4.2.6 Base Feed Spiked With Polyethylene Terephthalate
Post-consumer plastics may contain significant levels of PET, and a series of studies were
conducted using base resin spiked with PET in varying amounts to study its impact on
pyrolysis. Table XI lists the results of these investigations,
Table XI Operating data and yields for base feed and PET (Runs 17 and 20)
Run Number 17A 17B 20
Operating Conditions
Feed Rate (Ib/hr) 124 117 100
Furnace Temp. (°F) 1300 1200 1450
Retort Temp. (°F) 970 910 1200
Normalized Yields (wt%)
Oil Yield 62.0 80.0 32.0
Gas Yield 38.0 20.0 67.0
Gas Component Yield (wt%)
Hydrogen 0.04 0.02 0.30
Methane 2.1 0.8 8.5
Ethane 3.2 1.4 3.7
Ethylene 4.1 1.7 11.8
Propane 1.1 0.7 1.3
Propylene 6.3 2.8 12.3
Total C4's 7.9 4.0 8.8
Carbon Monoxide 1.7 1.4 2.9
Carbon Dioxide 1.7 1.7 4.4
<CS 9.9 5.5 13.0
Retort Oil Component Yield (wt%)
Total Aliphatics 29.2 36.9 5.8
<C10 16.4 12.4 1.8
Cl1-C20 93 16.7 3.1
> C20 35 7.8 0.9
Total Aromatics 25.2 28.8 22.8
Benzene 1.9 0.9 55
Toluene 4.5 3.0 53
Styrene 5.5 6.4 4.1
Filterable Solids (TPA) 0.9 3.6 0
Unidentified 6.7 10.7 3.4
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The first study of PET pyrolysis was conducted during Run 17 at furnace temperatures of
1200 °F and 1300 °F with feedstock containing the following resin concentrations:

~ High-density polyethylene  48%
Polystyrene 16%
Polypropylene 16%
Polyethylene terephthalate  20%

Comparison of Run 17 with the base resin studies in Run 21 show two major contrasts.
First, at similar furnace temperatures and feed rates, dramatically different retort
temperature profiles existed during the two runs. The auger shaft temperature at the
retort inlet (measured by TC1 in Figure 7) was 200 °F cooler during Run 17 than during
Run 21. Melting and the decomposition of PET-containing feeds apparently requires
substantially more heat than the corresponding PET-free material. Second, in Run 17,
extensive production of terephthalic acid (TPA) at low temperatures caused numerous
operational difficulties. Since the TPA is a vapor above a temperature of 572 °F (its
sublimation temperature), it was entrained in the gas exiting the retort, forming finely
divided solids in the high temperature condensing sump where it was difficult to filter from
the product oil. One of the two product oil tanks was isolated from the system because
these solids had collected there. The solids were present at the same high levels in the
retort oil samples and were easily filtered. Following laboratory vacuum filtration and hot
xylene washing, off-site analysis revealed the solids to be 95% terephthalic acid (TPA).

The data from Runs 17A and B are listed in Table XI. Excessive productton of TPA
hindered attempts to operate the DART unit at retort furnace temperatures lower than
1200 °F. TPA yields were about 4 mol% at a retort temperature of 970 °F and 15 mol%
at 910 °F. CO and CO; yields were nearly identical at both temperatures but were
significantly higher during these runs than for any of the runs with base resin. TPA, CO
and CO, are depolymerization products from PET and are explained later in this section.
Benzene was thought to be a potentially important product, but was produced in relatively
low yields. It is important to note that approximately 20% of the total peak area in the
GC analyses was due to unidentified compounds.

During Run 20, the same feedstock was studied at a higher furnace temperature of 1200
°F with very different results. As shown in Table XI, liquid yields were much lower in
Run 20 than in Run 17. CO, CO, and benzene yields were higher during Run 20 and the
oil was more aromatic. More importantly, there was no sign of solid material in any of the
oil samples. It is therefore assumed that TPA is not produced or is destroyed under high
temperature conditions.

The depolymerization chemistry of PET is not known. However, some insight into the
process can be gained by examination of Figure 19, which shows how some of the
compounds that were produced during PET pyrolysis might have been generated. It is
thought that TPA is produced under all conditions. If the severity is low, a substantial
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amount of the TPA does not under;3o further decomposition and is collected as a solid in
the product oil. (TPA is a solid tt at easily sublimes which explains its presence in the
condensing unit.)

Under high severity conditions, littlc TPA is observed, and the elevated levels of benzene
and carbon dioxide that are obser ed in the products are thought to result from the
breakdown of TPA. Benzoic acid s also detected in the products. The high levels of
carbon monoxide and methane may result from decomposition of a possible intermediate
product, acetaldehyde. Ethylene is ziso a likely PET decomposition product.

o o (o}
I 1 (
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I
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co,| + © + ©_C\OH cH, | 4 | co
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Figure 19 PET pyrolysis chemistry

The purpose of Run 40 was to determiie the minimum weight ratio of lime hydrate to
resin which would result in the compl ‘te removal of the carbon dioxide produced by
decomposition of PET.

——
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The following chemical reactions are thought to occur in the intimate mixture of
pyrolyzing resin and lime hydrate and in the gas phase by suspended lime hydrate particles.

Ca(OH), + CO; - CaCOs; + H,0
Ca(OH); » CaO + H,0O
Ca0 + CO, — CaCOys

Although the reaction is not shown, it is also thought that CaCO; may be produced by the
reaction of lime hydrate with any of the organic acids (like TPA or benzoic acid) that are
present in the pyrolyzing mixture. Figure 20 shows the effect of the lime hydrate feed rate
on the CO; removal and indicates that a ratio of ten pounds of lime hydrate for every one
hundred pounds of resin feed is necessary for CO, removal.

10T = " ' A+ 14
9 -+
+ 1.2

§ '§ 8 r m = A 2
7T t1 2
o o 6 1 ® Lime Hydrate n " ]l neS B
g 083 =
§ €5+ a Carbon Dioxide s g
s : 4 " Q <
% e 3T € > 2
= 047 &
827 A =
ol +02 °©

1+ A A A A

0 % : : H = 3 —aL 0
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March 2/94 March 3/94

Figure 20 Effect of lime hydrate feed rate on CO; removal.

The purpose of Run 53 was to determine whether high temperature operation of the
DART unit would eliminate TPA production at high loading levels of PET in the feed.
For this run, the retort furnace temperature was 1400 °F and no lime hydrate was utilized.
The run was initiated with 20% PET and concluded with 40% PET. For the 20% PET
feed, the TPA concentration in the oil was approximately 0.4% compared with 4% TPA
for the 40% PET feed. At this high severity, the liquid yleld was only about 33%, which
was well below the target yield of 70-80%.
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4.2.7 Base Feed Spiked With Polyvinyl Chloride

In the initial stages of the parametric study, lime was considered to have great potential to
capture HCI. It was determined that pilot scale testing could be conducted at less expense
to verify this by using EERC and EER because they were already setup with pilot scale
facilities.

APC-sponsored projects at the Energy and Environmental Research Center (EERC,
University of North Dakota)’ and the Energy and Environmental Research Corporation
(EER, Irvine, CA)*, each studied the pyrolysis of PVC-containing feedstocks in support of
the parametric studies at Conrad Industries. These laboratory scale studies indicated that
the pyrolysis of plastic feeds containing 3% PVC produced oil with total chloride levels
above 10,000 ppm. PVC will dehydrohalogenate at relatively low temperatures (300-350
°F) to produce HCl and a polyene backbone which then decomposes into aromatics and
other unsaturated hydrocarbons. Further studies and review of the literature showed that
the organochlorides are produced predominately in the condensation step and not during
the pyrolysis or volatilization steps. In general, aliphatic organochlorides, which are the
major products, contain relatively weak carbon-chlorine bonds that are probably labile at
pyrolysis temperatures. The formation of organochlorides during condensation is also
postulated for other pyrolysis and combustion processes containing carbonaceous
materials and chlorine. ' '

Studies at EER and EERC demonstrated that if the HCl is captured prior to the
condensation step, total chloride yields in the product oil were significantly lowered to
around 100 ppm. Two different chlorine capture processes were tested and found to be
successful. Lime hydrate (calcium hydroxide) was added to the pyrolysis reactor (either a
retort or fluidized bed) and chlorine was captured before it left the reactor. Hot calcium
oxide beds were placed downstream of the retort and before the condensing system and
were also effective in lowering the total chloride yields. However, if PET was present, the
hot calcium oxide beds were quickly deactivated due to the excessive amounts of CO, and
other acidic products produced from the PET decomposition. Because of these results,
addition of lime hydrate with the plastic feedstock was chosen as the preferred chlorine
capture method for the DART unit. The reaction for this chlorine capture is shown below.

Ca(OH), + 2 HCl — CaCl, + 2 H:0

At EER the pyrolysis reactor was a bench scale rotary screw device that was similar to
the DART unit. EER results indicated that lime hydrate was effective in reducing total
chloride levels to <100 ppm in the product oil at stoichiometric Ca:Cl ratios of
approximately 4.

* Sharp, L.L.; Ness, R.O. Aulich, T.R.; Randall, J.C. "Thermal Recycling of Plastics," final report to the
American Plastics Council; EERC publication, March 1994.

! Kryder, G.D.; Secker, W.R.; "Research on Reduction of Organic Chlorides in Advanced Recycling
Plastics Process," final report to the American Plastics Council; EER publication, June 1994.
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After the initial tests at EER and EERC, a number of studies were performed on the
DART unit with base resin blends containing various levels of PVC. Lime hydrate was
utilized to capture the chlorine for all but the first PVC runs. As shown below, the DART
unit operated at much greater efficiency for the capture of HCI than was demonstrated in
the pilot scale studies by EERC and EER. The operating conditions, yields and Dohrmann
total halide analytical results are included in Table XII.

Table XIT Operating conditions, yields and total halide results for PVC studies

Run # - 25 26 29 31 32 42

PVC Content 3% 3% 3% 0.5% 0.5% 3%
Feed Rate (Ib/hr)

Resin 81 88 55 110 107 120

Lime Hydrate 0 it 0 i 12 12

Operating Temperatures (°F)
Furnace Temperature = 1350 1050 1250 1250 1250 1250

Retort Temperature 1225 870 956 842 947 920
Normalized Yields (wt%)
Oil Yield 58.6 61.1 65.6 67.6 61.4 NA?
Gas Yield 41.4 38.9 344 32.4 38.6 NA
Retort Oil Total Chloride Levels (ppm)
Mean ~4000 3890 6980 103 23 NA
Low ~1000 2770 4000 22 <10 65
High ~5000 5550 9360 177 75 1550

! i: inconsistent
2 NA: not available

During Runs 25 and 29, lime hydrate was not utilized during pyrolysis studies of base resin
spiked with 3% PVC. Levels of total chlorides were highest in the retort oil (TL) samples
from the retort effluent sampler (see section 2.6), while total chlorides in the heavy and
light oil were somewhat lower. Chloride levels in all oil samples climbed steadily during
both runs, with the highest values (9,400 ppm) being recorded during Run 29. Since a 3%
PVC mixture contains 1.7% chlorine by weight (which is equivalent to 17,000 ppm Cl), it
appears that more than 50% of the available chlorine from PVC may be retained in the
product oil during pyrolysis. The remainder is thought to exist as HCI, which is captured
in the acid gas scrubber.

Lime hydrate addition was attempted during Run 26 with 3% PVC, but feeding
inconsistencies with the new lime hydrate feeder plagued the run. Total chloride levels
were high for all samples. It was discovered during Run 26 that there was significant
carryover of lime hydrate to the high temperature condensing system due to entrainment
of the small lime hydrate particles in the pyrolyzate gas exiting from the retort. The
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presence of this material in the heavy oil samples made it necessary to abandon routine
Dohrmann analyses of the heavy oil. Total chloride analyses were carried out primarily on
the retort oil samples after this time.

The PVC concentration in the feed was dropped to 0.5% for Run 31. With a lime
hydrate feed rate of 5-10 Ib/hr, total chlorides were reduced to values near 100 ppm.
However, after termination of the run, it was discovered that all of the lime hydrate feed
had been retained within the retort due to a blockage in the outlet to the solids collection
system.

A consistent lime hydrate feed rate of 12 lb/hr was achieved for Run 32, in which a
feedstock containing 0.5% PVC was processed. In this run, the concentration of total
chlorides in the retort oil was reduced to values below 10 ppm. Since a feed mixture
containing 0.5% PVC contains 2,840 ppm Cl, the HCl capturing efficiency of the lime
hydrate during Run 32 was greater than 99.6%.

During one portion of Run 42, the effect of lime hydrate stoppage on organochloride
generation was studied. To evaluate the effect, 3% PVC feedstock was processed at 120
Ib/hr with 12 Ib/hr of lime hydrate (stoichiometric Ca:Cl, ratio of 6). Samples of retort oil
were collected prior to the stoppage and at various intervals thereafter. Figure 21 shows
the results of the experiment. Initially, the concentration of total chlorides in the oil was
65 ppm. At 10 and 20 minutes, the chloride levels were 240 and 200 ppm, respectively.
After 30 minutes, the levels-had risen to 500 ppm, and at 35 minutes, the value was 640
ppm. After 42 minutes, the chloride concentration reached 1,550 ppm. Apparently, the
inventory of lime hydrate in the retort was sufficiently high to prevent a sharp increase in
total chloride concentration when the lime hydrate feed was interrupted. This conclusion
is important because it implies that a sharp increase in organochloride products may not
occur if a plug of PVC-rich feed enters the retort or if there is a temporary interruption of
lime addition.

As mentioned previously, there was significant carryover of lime hydrate from the retort to
the heavy oil condensing system. The resulting samples of heavy oil contained between
0.3% and 3% lime hydrate sediment. Although the presence of this material in the tower
sump caused maintenance difficulties and some minor viscosity problems, it also provided
an unforeseen benefit. With a small amount of unreacted lime hydrate continuously
circulating in the high temperature tower, the heavy oil was maintained in an alkaline state.
The alkalinity of the circulating heavy oil neutralized any HCI that had escaped from the
retort during a process upset or lime hydrate feed lapse. '

The initial investigations of the effectiveness of lime hydrate for scavenging hydrogen
chloride liberated during PVC pyrolysis were based on a lime hydrate to chloride
stoichiometric ratio of 4:1. For the EER work, which established this minimum
requirement, base resin containing up to 10% PVC was used as the feedstock. The lime
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hydrate requirement to satisfy this 4:1 ratio was equivalent to one pound of lime hydrate
for every ten pounds of feedstock.

1500 } . -
1250 § /
1000 } /
750 § ' /

500 §

Retort Oil Total Halide
Concentration (ppm)

|

0 10 20 30 40
Time After Lime Stoppage (min)

Figure 21 Effect of abrupt lime hydrate feed stOppagé on retort oil total
chloride levels

The lime hydrate feeding system on the DART unit was based on a resin feed rate of 300
Ib/hr and a maximum PVC content of 7%. Two batches of PVC-containing feedstock had
been prepared for the project, each containing 3% and 7% PVC, respectively. However,
during the project, the maximum level of PVC was generally limited to 3% for feed rates
of 100-120 Ib/hr, which made the lime hydrate feed system oversized and difficult to
control. (Ultimately smaller feed screws were installed.)

During several of the runs, the PVC content was lowered to 0.5%, which required only
0.5 Ib/hr of lime hydrate per 100 lb/hr of resin feedstock. It was soon realized that such a
low addition rate of lime hydrate would be too low to coat the individual resin feed pellets
for effective HCI capture. Tumbling tests with different lime hydrate ratios indicated that
a minimum 1:10 physical weight ratio of lime hydrate to resin feed might be necessary for
adequate coating of the pellets. Most of the successful chlorine capture runs were
therefore based not on a specific stoichiometric lime hydrate:chlorine ratio but on the 1:10
physical weight ratio. Finally for Run 70 when a reliable lime hydrate feed system was
available, it was possible to produce an oil product with less than 30 ppm total chlorides
with only 2.4 pounds of lime hydrate per 100 pounds of resin feed. Because the feed
contained both PVC and PET, Run 70 is discussed in more detail in the next section. It is
still somewhat unclear how the combined stoichiometric and physical mixing requirements
determine the efficiency of HCI capture by lime hydrate.
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Table XIII shows the boiling point distribution of organochlorides in oil produced from
PVC-spiked feed. To generate this data, a sample of oil from 3% PVC feed was sent to
Comsource American for frac ional distillation. The various cuts were then analyzed on
the Dohrmann microcoulomet: r for total chlorides. As shown in Table XIII, most of the
organochlorides are in the 18C-350 °F boiling range, which is in agreement with the data
from EERC. ' '

Table XITIT  Boiling point d stribution of organochlorides in oil produced from
PVC-spiked feed

Fraction Oil Distribution  Oil Organochloride Chlorine

(°F) (wt%) Concentration (ppm)  Distribution (wt%)
100-180 6.95 1328 17.1
180-350 38.90 1041 : 75.1
350-650 24 .85 98 4.5

650+ 2785 64 33

4.2.8 Base Feed Spiked With Polyethylene Terephthalate and Polyviny
Chloride )

Pyrolysis of base feed mixtures ¢ dntaining 20% PET produced CO, and organic acids such
as TPA (see section 4.2.6). Duri 1g these runs, CO, yields were as high as 4.4% and TPA
yields were as high as 3.6%. CC , and organic acids like TPA will react with lime hydrate
in the retort and as a result, le;s lime hydrate will be available to neutralize the HCl
produced from PVC. Because most post-consumer feedstocks will contain both PVC and
PET and it is not known whether the presence of PET will affect the efficiency of chlorine
capture by lime hydrate, a large number of runs were conducted with feedstocks
containing various amounts of both PET and PVC. The results of these runs are
summarized in Table XIV.

Table XIV  Operating, yield and oil total chloride data from studies of feed

containing PET and PVC
Run # 34 3¢ 36 38 39 45 54 58 70
PVC Content (%) 05 0.5 1 05 05 1 5 1 1
PET Content (%) 2 5 10 2 2 3 5
Feed Rate (Ib/hr)
Resin 126 12+ 110 129 129 178 92 106 125
Lime Hydrate 9 15 12 17 12 14 18 12 4
Op=1 1ting Temperatures (°F)
J Furnace Temperature 1300 133 1300 1400 1400 1450 1350 1300 1350

Retort Temperature 933 97¢ 980 1097 995 929 926 945 969
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Table XIV Continued

Run # 34 35 36 38 39 45 54 58 70
Normalized yields (wt%)
Oil Yield 596 442 455 290 499 682 604 608 51.0
Gas Yield 404 558 545 710 50.1 318 396 392 490
; Retort Qil Total Chloride Levels (ppm)
i Mean 13 <10 18 16 18 10 109 28 48]
1‘ Low <10 <10 <10 <10 <10 <10 483 11 29
High 19 <10 63 31 29 11 271 45 2062

At nearly every PET and PVC concentration, the concentration of total chlorides in the
; retort oil samples was near the 10 ppm detection limit of the Dohrmann microcoulometer.
Typically, there was at least a 6X molar excess of lime hydrate added to the retort.
However, during Run 54, when the concentrations of PET and PVC were each 5% and
the lime hydrate/plastic mixing ratio was 20%, the total chloride values never fell below
about 50 ppm. Although the lime hydrate physical mixing ratio was high for this run, the
resulting stoichiometric ratio was only a 4X molar excess. Inconsistencies in the operation
of the lime feeder at such a low stoichiometric ratio probably account for the elevated
total chloride levels in Run 54.

During Run 70, a study was conducted to determine whether it would be possible to
process resin containing 1% PVC and 3% PET at the minimum lime hydrate feed rate of 4
Ib/hr (4 Ib/hr is the low limit of the lime hydrate feeder) and continue to produce oil with
low levels of total chlorides. The stoichiometric requirement for Ca(OH), is 2.2 lb/hr for
1% PVC and 3% PET at a resin feed rate of 125 lb/hr. (1 mole of Ca(OH), can neutralize
1 mole of PET monomer or 2 moles of HCL) Throughout the run the actual
concentrations of PVC and PET in the feed were monitored by density separation (in salt
water) followed by manual separation of the PVC and PET pellets. Frequent samples of
retort oil were collected and analyzed on the Dohrmann microcoulometer for total
chlorides. The actual concentrations of PVC and PET in the feed did not remain constant
at 1% and 3%, but varied significantly over the course of the run. As a result, the
chloride levels in the product oil varied over a very wide range and the run produced some
unintentional but very interesting results. Figure 22 shows that in the early and late
portions of the run, the concentrations of PET and PVC in the feed were close to the
expected levels and the oil produced at these times contained low levels of chlorides. The
successful 1.8 stoichiometric ratio for this portion of the run was an excellent result.
During the middle portion of the run, the unintentionally high PVC and PET content
caused production of oil with high chloride levels.

il
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Figure 22 Effect of variation in feed content on retort oil total chloride levels during

Run 70

4.2.9 Base Feed Spiked With Paper

Run 52 simulated the effects of pyrolyzing post-consumer plastic containing paper labels
or other paper contamination. The feed contained 4% shredded paper and appeared to
remain homogeneous during agitation in the surge bin. The run was conducted with and
without lime hydrate addition to the retort. Carbon dioxide was present in the product gas
at 0.1% (vol/vol) during addition of 5 Ib/hr of lime hydrate and at 2.5% when lime hydrate

* was not used. During the portion of the run when lime hydrate was present, the contents
of the solids collection drum appeared to contain a mixture of spent lime and ash. No
operating difficulties occurred during the run, which indicated that the presence of paper
will probably have no effect on the pyrolysis of plastics.

Table XV Operating and yield data from Run §2

Furnace Retort
Feed Rate Temperature Temperature Liquid Yield Gas Yield
100 Ib/hr 1250 °F 1029 °F 60.2% 39.8%
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4.2.10 Base Feed Spiked With Nitrogen-Containing Polymers

The primary focus of these runs was to determine whether hydrogen cyanide (HCN)
would be produced during pyrolysis of base resin feedstock spiked with low levels of
nitrogen-containing polymers such as polyamides, polyurethane or acrylonitrile butadiene
styrene. For all of these runs, special HCN safety procedures were instituted for plant
operations.

Samples of the gas product that had not passed through the acid gas scrubber were
obtained from the retort sampler. These gas samples were tested frequently for HCN
using Sensidyne HCN sampling tubes. For some of the gas samples, analyses for ammonia
were also performed. It is thought that the presence of ammonia in some of the samples
may have interfered with the measurement of HCN. Because of this, samples of oil and
by-product solids were analyzed for HCN at the site by washing the samples with
concentrated sodium hydroxide solution and analyzing the wash by a cyanide-selective
electrode. In addition, samples of oil, acid gas scrubber liquor and by-product solids from
every run were sent to Comsource American for cyanide analysis. The oil from each run
was also analyzed for total nitrogen.

Overall, the studies with nitrogen-containing plastics were quite successful. For the most
part, HCN was not present at a measurable level in the product samples. When it was
detected, HCN was present at very low levels. There were no reported operating or
safety problems throughout the runs.

4.2.10.1 Polyurethane

Base resin feedstock containing polyurethane (PU) was processed during Run 71. Two
types of PU were processed, TDI-PU and MDI-PU. 50/50 mixtures of the two polymer
types were blended with base resin to give total PU levels of 1%, 3% and 5%. The
polymer mixtures were first introduced to the DART unit at the 1% and 3% levels to
determine whether processing was possible without formation of HCN. After successfully
feeding PU at these concentrations without HCN production, three extended runs of 10
hours were maintained using the 5% 50/50 TDI/MDI resin mixture, a 5% MDI-only
mixture and a 5% TDI-only mixture. At the conclusion of the run, the PU levels in the
feed were increased stepwise to 100% PU over a 4-hour period. The run was very
smooth for all PU feedstock blends, and nothing unusual was observed at any time in the
operation. The Table XVI contains results from a 10 hour portion of the run where a 5%
mixture of 50:50 MDIL:TDI PU was used as feedstock. The componential yields were
very similar to runs with base resin.

Table XVI  Operating and yield data from Run 71

Resin Lime Hydrate Furnace Retort
Feed Rate Feed Rate  Temperature Temperature  Oil Yield Gas Yield
103 Ib/hr 4 lb/hr 1250 °F 964 °F 64.5% 35.5%
64 cONR4,,
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As shown in Table XV, cyanide levels were low in the oil, scrubber water and by-product
solids. The cyanide analyses from gaseous samples were unclear, due to the difficulties in
perceiving color changes in the HCN measurement tubes. The tubes registered occasional
possible positive responses of <50 ppm during the course of the run. However,
experiments were also conducted in which a measured volume of the product gas was
bubbled through a sodium hydroxide solution, which was analyzed by a cyanide-selective
electrode. In these analyses, cyanide was not detected in the product gas. On-site
analyses of the oil and by-product solids indicated that if present, the level of HCN was
very low, <5 ppm, at all PU levels. In the Comsource analyses, cyanide was not detected
in the oil or scrubber water. Cyanide was only detected at low levels in the by-product
solids.

Table XVII Results of cyanide, nitrogen and ammonia analyses from Run 71

Cyanide Kjeldahl Ammonia
Sample Type (ppm) Nitrogen (%) (%)
Oil from 5% TDI/MDI PU <0.1 0.18
Scrubber water from 5% TDI/MDI PU <0.1
Solids from 5% TDI/MDI PU 40.0
Gas from 5% TDI/MDI PU 0-50 0.02
Oil from 100% TDI PU <0.1 4.25
Solids from 100% TDI PU 3.4
Gas from 100% TDI PU 0-20 6.0

At no time during the run did any of the personal HCN monitors, stationary monitors or
cumulative detection tubes register the presence of HCN in the plant or laboratory.

Although the chemistry is not understood, analyses of the gas produced from 100% TDI-
PU indicated that ammonia was present at 6%. The oil contained 0.18% total nitrogen
when the feedstock contained 5% PU and 4.25% total nitrogen when 100% PU was
utilized.

4.2.10.2 Acrylonitrile Butadiene Styrene

Base resin feedstock containing acrylonitrile butadiene styrene (ABS) was processed
during Run 72. As with Run 71, the experiments were initiated by conducting short runs
with 1% ABS and 3% ABS. After successfully feeding ABS at these concentrations, an
extended run of 10 hours was maintained with a feed mixture containing 5% ABS. The
yields and operating conditions from Table XVIII were very similar to those for base resin
and for 5% polyurethane.
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Table XVIII Operating and yield data from Run 72

Resin Lime Hydrate Furnace Retort
Feed Rate Feed Rate = Temperature - Temperature  Oil Yield = Gas Yield
127 Ib/hr 4 Ib/hr 1300 °F 990 °F 64.4% 35.6%

Table XIX shows the results of cyanide, nitrogen and ammonia analyses. The gas cyanide
analyses were unambiguous and indicated that HCN was not present in the gas. In the
Comsource analyses, cyanide was undetected in the oil, by-product solids and scrubber
water. Ammonia was again detected in the gas at values of 1.0-1.5% when the feedstock
contained 5% ABS. The oil produced from 5% ABS contained 0.14% total nitrogen.

Table XIX  Results of cyanide, nitrogen and ammonia analyses from Run 72

Sample Type Cyanide (ppm) Kjeldahl Nitrogen (%) Ammonia (%)
Oil from 5% ABS <0.2 ’ 0.14
Scrubber water from 5% ABS <0.1
Solids from 5% ABS <20.0 ,
Gas from 5% ABS <1 1.0-1.5-

At no time during the run did any of the personal HCN monitors, stationary monitors or
cumulative detection tubes register the presence of HCN in the plant or laboratory.

4.2.10.3 Polyamide

Base resin feedstock containing polyamide was processed during Run 73. The polyamide
was a commercial grade of nylon 66. The run plan was identical to that for Run 72 in that
successful short runs of 1% and 3% polyamide preceded a long run with a base feed
mixture containing 5% polyamide. As Table XX shows, the yields and operating
conditions were again very similar to those for base resin and for Runs 71 and 72.

Table XX Operating and yield data from Run 73

Resin Lime Hydrate Fumnace Retort
Feed Rate Feed Rate = Temperature Temperature  Qil Yield Gas Yield
114 Ib/hr 4 Ib/hr 1300 °F 1050 °F 62.9% 37.1%

As shown in Table XXI, no cyanide was detected in any of the gas, oil, by-product solids
or scrubber water samples. Cyanide was also not detected in the plant or laboratory. The
oil produced from 5% polyamide contained 0.21% nitrogen.
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Table XXI  Results of cyanide and nitrogen analyses from Run 73

Sample Type Cyanide (ppm) Kjeldahl Nitrogen (%)
Oil from 5% polyamide <0.2 0.14
Scrubber water from 5% pc lyamide <0.1
Solids from 5% polyamide <20.0

Gas from 5% polyamide <1

4.2.11 Pyrolysis With Ceatalyst

The use of cracking catalysts is common in many petrochemical pyrolysis processes. It
was postulated that the presence of cracking catalyst in the DART unit might promote
depolymerization and increase liquid yields at lower temperatures. Run 65 focused on
processing the base resin blend in the presence of a silica-alumina-based fluid catalytic
cracking (FCC) catalyst supplied by Amoco. With a retort furnace temperature of
1150 °F and a resin feed rate of 100 Ib/hr, the catalyst was introduced via the lime feeder
at a nominal feed rate of 20 lb/hr. Due to the proprietary nature of the catalyst, not much
is known about the specific makeup, age or intended uses for the catalyst.

Table XXII compares the partial analyses (not yields) of oil and gas samples taken before
and after the addition of FCZ catalyst during Run 65. '

Table XXII Yield data from FCC catalyst run

Before Addition of  After Addition of FCC

Component FCC Catalyst (wt%) Catalyst (wt%)
Yields
Oil 59.0 60.5
Gas 41.0 39.5
Pyrolysis Gas

Hydrogen' 2.5(0.12) 4.4 (0.20)

Methane 4.1 43

Ethylene 8.2 6.7

Propylene 19.9 179

Total n-Butenes 11.2 14.5

Retort Oil

Total Aromatics 63.9 58.8
Benzene 22 23
Toluene 11.0 7.9
Styrene 234 19.2
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Table XXII Continued

Before Addition of  After Addition of FCC
Component FCC Catalyst (wt%) Catalyst (wt%)
Retort Oil

Total Aliphatics 318 36.4
- <Cl11 , 15.8 21.0
C11-C20 12.1 11.6
>C20 3.5 32
Total Paraffins 7.4 8.9
Total Olefins 15.0 17.4
Total Di-olefins 6.3 7.5

! The hydrogen concentration is expressed in volume percent, with weight
percent in parentheses.

Subtle changes occurred in yields of specific components, but overall, the presence of
FCC catalyst did not have an overwhelming effect on the oil and gas component
concentrations. In the gas, the concentrations of both ethylene and propylene dropped
after addition of catalyst, while the concentrations of hydrogen and unbranched butenes
increased. Methane remained relatively unchanged. The concentration of aromatics
dropped slightly with catalyst present, although the benzene levels were similar. The
concentrations of C5 - C10 aliphatic compounds in the oil increased dramatically with
catalyst present, while the concentrations of the larger aliphatics were relatively
unchanged. The presence of catalyst did not appear to specifically enhance the production
of paraffins over olefins or vice versa.

4.2.12 Comparative Summary of Runs

Examination of run data where base resin was mixed with minor amounts of PVC, PET,
polyamide, ABS, polyurethane or paper suggest that they can be included with the base
resin results for correlation purposes. These data, listed in descending order of pyrolysis
liquid yields, are shown in Table XXIII. There is a fairly good correlation between the
combined ethylene and propylene yields (C2'+C3"), liquid yield and retort temperature for
most of these runs in which base resin comprised >95% of the feedstock, as shown in
Figures 23, 24 and 25. The linear least squares fit of the data points in Figure 24 is
especially good and shows that C2'+C3' is highly predictive of liquid yield. Figure 23
shows that retort temperature is somewhat predictive of the liquid yield. Figure 25 shows
that C2'+C3' is directly proportional to temperature. This information may be useful in the
design and operation of a commercial recycling unit in which high oil yield is an important
objective. Based on the good correlations of pyrolysis oil yield with the combined yields
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for ethylene and propylene, it can be concluded that the presence of lime hydrate generally
does not have a large effect on the pyrolysis of the base resin mixture. Figures 26 - 31
show the following:

Figure 26
Figure 27‘
Figure 28
Figure 29
Figure 30

Figure 31

The yield of total C4's shows a slight linear decrease with increasing
pyrolysis liquid yield.

The yields of total aromatics and aliphatics in the liquid appear to converge
at higher liquid yields.

The yield of >C20 aliphatics (waxes) shows an apparently nonlinear
increase with increasing oil yield.

The benzene yield decreases in a roughly linear relationship with liquid
yield.

The toluene yield shows slight positive change at higher liquid yields, with
most values near 5-6 wt%.

The styrene yield shows an apparent linear increase with increasing liquid
yield. '

Table XXIII Selected data from runs that utilized predominately base resin

Feed Additives (%) Gas and Retort Oil Component Yields (wt%)
JP-
: T § % 2 £ £
> ., 3 5 2 2 2 2§ & 2
g © = & 32 ¢ 2 » T & E & 2 g
2 Z B 38 F 2 3 3 & R & &2 & 3
21C 77 830 59 65 272 75 36 07 67 14
41 3 70 923 99 97 273 25 356 12 46 181
21B 685 980 107 95 239 56 315 15 6 109
45 1 3 682 929 11 91 285 45 33 25 54 13
31 05 676 842 97 11 343 34 284 1S5 53 88
29 3 656 956 93 103 236 35 337 14 54 133
71 5! 645 956 118 104 248 32 41 14 62 175
72 52 644 990 11.1 102 20 26 403 15 63 157
73 5% 629 1050 12 109 181 29 403 21 78 15
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Table XXIII Continued

Feed Additives (%) _Gas and Retort Oil Component Yields (wt%)
-~ o 8
g e = .‘; —4.-:' fé < & 2 ©
Z 5 = L 5§ S o = § 8 8
g 9 & 2 B g =2 » =2 a« & g 2 g
2 2 B 83 3 2 & & & R & & & 35
32 05 614 947 122 122 264 37 294 13 49 114
26 3 61.1 870 142 108 207 43 326 13 51 116
58 1 3 60.8 945 115 109 243 0S5 344 18 57 157
52 4" 602 1029 136 115 191 2 362 1 59 147
34 05 2 59.6 933 122 11.7 318 56 259 15 49 10
47 1 3 58.6 1002 14 112 168 24 317 32 57 11.1
22 514 990 17.6 141 173 28 286 18 6.2 9.7
70 1 3 S1 969 144 13 186 25 269 19 44 102
39 05 2 499 995 182 143 151 16 31 37 6.1 104
40 2 43 1117 22 126 112 09 292 3.1 55 103
21A 39 1100 234 167 9 14 36 21 6 73
388 05 2 282 1097 27.1 158 63 06 215 39 34 23
lPolyuretha,ne
2 Acrylonitrile butadiene styrene
3Polyamide
4Paper
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Figure 23 Variation in liquid yield with retort temperature for parametric study
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Figure 24 Variation in combined ethylene and propylene yields with retort
temperature for parametric study
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Figure 25 Variation in combined ethylene and propylene yields with liquid yield for
parametric study
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Figure 26 Variation in yield of C4's with liquid yield for parametric study
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Figure 27 Variation in aromatics and aliphatics yields with liquid yield for
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study
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Figure 29 Variation in benzene yield with liquid yield for parametric study
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Figure 30 Variation in toluene yield with liquid yield for parametric study
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Figure 31 Variation in styrene yield with liquid yield for parametric study

4.3 Post-Consumer Plastic Study

Four different batches of post-consumer plastic (PCP) were received from different
regions of the United States. PCP-OR was from a recycling operation in Portland,
Oregon. PCP-NJ was from a PET/HDPE/PVC recycling operation in New Jersey. PCP-
IN originated from a PET bottle recycling operation in Richmond, Indiana. PCP-GW was
supplied by the Goodwill plastic bottle recycling effort in Oregon and was unsorted.
Table XXIV compares the resin levels in the PCP feedstocks with the makeup of the base
resin blend. PCP-NJ and PCP-IN are relatively similar. PCP-GW differs substantially in
that PET comprises a large percentage of the total. PVC concentrations in all of the
batches appeared to be very low. Mixed post-consumer plastics are expected to contain
PVC at relatively low levels. However, clear PET (primarily from 2-liter beverage bottles)
and HDPE natural (primarily from 1-gallon milk containers) may represent more than 50%
of the stream composition. If these plastics are removed from the stream for conventional
mechanical recycling, PVC concentrations may approach 5% or more. Polyamide was
detected at extremely low levels in PCP-GW. Because of this, caution was exercised
during all of the studies in the event that pyrolysis in the DART unit would liberate HCN.
Analyses of the pyrolysis gas and ambient air analyses did not detect measurable quantities
of HCN.
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Table XXIV Resin levels in post-consumer plastic feedstocks

Normalized Weight Percent Of Each Feedstock Constituent

Feedstock LDPE HDPE PP PS PET PVC Other
Base Resin 00 600 20.0 20.0 0.0 0.0 |
PCP-OR 1.6 75.4 5.6 8.6 8.3 0.5

PCP-NJ! 4.0 78.9 14.0 0.4 0.2 1.5 1.0?
PCP-IN 3.6 70.6 222 ND* 0.9 ND - 2.7
PCP-GW 3.6 "43.4 13.0 3.1 33.7 0.6 2.6°

! Since the totes were not uniform in appearance, a composite sample from all of the PCP-NJ totes was
analyzed.

? Dirt and paper

3 ND: Not detected

# 2.1% EVA and 0.6% dirt and paper

5 0.4% polyamide, 0.4% polycarbonate and 1.8% dirt and paper

Table XXV shows the operating data, product yields and componential yields for the six
runs in which PCP was utilized as a feedstock.

Table XXV  Operating data, product and componential yields for post-consumer
plastic studies

Run Number 49 59 60 61 63 75
Feedstock PCP-OR PCP-NJ PCP-NJ PCP-IN PCP- PCP-
GW GW
Feed Rate (Ib/hr) 56&100 105 121 108 74 119
Furnace Temp. (°F) 1250 1300 1300 1300 1350 1400
Retort Temp. (°F) 1000 950 942 970 1095 1054
Normalized Yields (wt%)
Oil Yield 434 579 60.2 55.2 30.8 32.0
Gas Yield 56.6 42.1 39.8 44.8 69.2 68.0
Gas Component Yield (wt%)
Hydrogen 0.2 0.1 0.1 0.1 0.6 0.4
Methane 32 1.9 1.8 1.9 5.6 52
Ethane 3.7 2.9 2.7 2.7 4.1 43
Ethylene 6.2 42 44 4.0 7.5 7.2
Propane 1.7 1.8 1.5 1.4 1.5 1.8
Propylene 11.2 7.9 73 8.2 10.9 11.6
Total C4's 153 11.8 11.2 12.2 12.9 143
Other 15.1 11.5 10.8 14.3 26.1 23.2
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Table XXV Continued
_ Retort Oil Component Yield (wt%)

Total Aliphatics 14.4 37.8 41.6 31.6 5.8 11.0
<Cl10 7.2 16.0 13.8 15.3 24 5.6
Cl11-C20 5.6 15.4 17.9 115 2.8 4.0
>C20 1.6 6.4 9.9 4.8 0.6 1.4

Total Aromatics 26.4 12.7 12.1 14.4 23.1 17.3
Benzene 2.2 1.0 0.7 1.1 3.8 5.2
Toluene 4.5 1.8 1.3 2.2 33 2.4
Styrene 7.4 0.7 0.7 4.1 4.6 2.1

Unidentified 2.6 7.4 6.5 92 1.9 3.7

Table XX VI lists the total chloride analyses for the product oil.

Table XXVI Retort oil total chloride analyses from post-consumer plastic studies

Retort Oil Total
Feed Rate (Ib/hr) Chloride Levels (ppm)
Run# Feed Resin Lime Hydrate Mean Low High
49 PCP-OR 100 10 18 14 22
59 PCP-NJ 105 8 25 13 39
60A PCP-NJ 121 20 28 28 28
60B PCP-GW 121 10 32 25 39
61 PCP-IN 108 7 26 14 60
63 PCP-GW 74 10 22 21 22
75 PCP-GW 119 20-30 17 10 24

Figure 32 graphs retort temperature vs. liquid yield for the PCP studies. Also included in
Figure 32 is the least squares fit of the corresponding data from the parametric study
(taken from Figure 23). In general, retort temperatures were higher for the PCP runs than
for many of the base feed runs.

Compared with the parametric study runs, the PCP runs exhibited a slightly depressed
liquid yield for a given retort temperature. Runs 63 and 75 diverge significantly from the
parametric study model. It is thought that high PET levels reduce the accuracy of retort
temperature for prediction of liquid yield. Figure 33 shows the relationship between
C2'+C3' and liquid yield for the PCP studies. As before, Runs 49, 59, 60 and 61 lie close
to the parametric study model, while Runs 63 and 75 diverge.

77




Advanced Recycling of Plastics

100
i ¢ Run49
90 1 = Run 59
80 T A Run 60
~ ® Runé6l
X 70 + 0 Run 63
i 60 L A Run75
=2
@ -+
< 50
2 40 +
=
.3' 30 + A a
20 +
10 +
0 - : % + : - :
800 850 900 950 1000 1050 1160 1150
Retort Temperature (°F)

Figure 32 Variation in liquid yield with retort temperature for post-consumer
plastic studies
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A GC/MS analysis of oil produced from post-consumer plastic was performed at
Southwest Research Institute. The oil was a retort sample from Run 49 when PCP-OR
was processed in the DART unit. The GC/MS analysis is listed in section 8.4 of the
Appendix.

4.3.1 Oregon

PCP-OR contained high levels of HDPE (75%), moderate levels of PP, PS and PET (5-
9%) and low levels of PVC (0.5%). The PCP-OR feedstock was recycled during Run 49
at a retort temperature of 1000 °F and with lime hydrate addition at 10 1b/hr. The run
began with a feed rate of 56 Ib/hr and concluded at 100 Ib/hr. The goal of the run was to
successfully recycle post-consumer plastic for the first time. A secondary goal was to
determine whether any mechanical modifications to the DART unit might be necessary for
processing chopped post-consumer bottles.

Oil produced from PCP-OR was moderately low in viscosity, with no evidence of TPA.
The overall oil yield was low (43%) for the run due to the moderately high retort
temperature of 1000 °F. With a few minor differences, the gas and oil component yields
are very similar to those from Run 36, which utilized base resin with 1% PVC and 10%
PET. The concentration of total chlorides in the oil was very low, ranging in value from
14-22 ppm.

The run progressed without any major mechanical difficulties. Because of the inability of
the vacuum feed transfer system to transfer chopped post-consumer bottle plastic, a new
feed hopper was utilized for introducing the chopped post-consumer bottle plastic to the
surge bin.

4.3.2 New Jersey

PCP-NJ contained primarily polyolefins (97%), PVC (1.5%) and low levels of PET and
PS. During Run 59 and a portion of Run 60, PCP-NIJ was recycled with lime hydrate at a
retort temperature of 940-950 °F. Polyolefins (primarily HDPE) comprised 97% of the
plastic mixture. The oil analyses (see Table XXIV) indicated the presence of high levels
of heavy aliphatics, which contributed to the high viscosity of the oil. Identifiable aromatic
compounds were present at extremely low levels in the product oil, a result that probably
derives from the extremely low levels of PET and PS in the feed. The total oil yields of
58% and 60% were somewhat lower than had been attained with base resin mixtures. Part
of the reason for this lower yield is thought to be the near absence of polystyrene and
polypropylene from the feed and the relatively low retort temperature. Polypropylene and
polystyrene are thought to depolymerize relatively early and help catalyze polyethylene
depolymerization. Unidentified compounds comprised 11-13 wt% of the oil.

—
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Figure 34 Retort oil total chloride analyses following the addition of high-PVC PCP
during Run 59

Run 59 was the only study in which post-consumer plastic with moderately high levels of
PVC (1.5%) was processed. Early in the run, it was noted that there was extreme non-
uniformity of appearance between each tote (see the footnote at the bottom of Table
XXV). In addition, many of the totes contained layers of chopped plastic that were not
uniform in appearance. Throughout the run, the concentrations of dense materials in the
PCP feedstock (potentially including PET, PVC, glass, metal and rocks) were monitored
by separation in salt water followed by manual separation of the dense plastic from the
other material. During these tests, one of the samples contained ~8% dense plastic
material by weight. Each of the remaining 14 tote samples contained <0.2% dense
material. The 8% dense material was analyzed on the Dohrmann microcoulometer and
was identified as a chlorine-containing polymer. A subsequent off-site analysis verified
that the material was a copolymer of PVC with polyvinylacetate. For a 2.5 hour period
during Run 59, the PCP containing 8% PVC was processed in the DART unit with 8 Ib/hr
lime hydrate while performing retort oil total chloride analyses every 15 minutes. None of
the analyses indicated chloride levels >40 ppm. Figure 34 shows the total chloride
analyses over time following the addition of the PVC-containing post-consumer plastic.
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4.3.3 Indiana

PCP-IN was recycled during Run 61. This plastic mixture was very similar to PCP-NJ

except that PVC was not detected. Polyolefins (primarily HDPE) again comprised 97% of

the plastic mixture. Although no PVC was detected in the feed, lime hydrate was added

as a precaution at 7 Ib/hr. ' The retort temperature was 970 °F and the feed rate was 108

Ib/hr. Liquid yields were lower due to the lack of easily depolymerized resins (PP or PS)
- in the feed. '

As with Runs 59 and 60A, aliphatic compounds made up a major portion of the oil.
Unidentified compounds accounted for nearly 19 wt% of the oil. The gas analyses were
nearly identical to those from PCP-NJ. Nearly all of the Dohrmann analyses indicated low
total chloride levels, although one retort sample appeared to have a slightly elevated
concentration (60 ppm).

4.3.4 Goodwill

Nearly all post-consumer plastic that was available to the project contained low
concentrations of PET. However, PCP-GW contained 34% PET because the plastic was
intentionally not sorted to remove bottles made from high-value PET and HDPE-natural
resins. Even though post-consumer plastic was not expected to contain high levels of
PET, it was of interest to determine whether pyrolysis was viable for this type of
feedstock. Run 60B and 63 were short "shakedown" studies and were conducted with a
retort temperature of 1050 °F - 1100 °F, which was sufficiently high to eliminate TPA
problems. Lime hydrate was added at 10 Ib/hr. Several oil and gas samples were
obtained, along with information about the operating reliability of the DART unit. From
the short runs, it was determined that the high PET concentration did not adversely affect
the capture of HCI from the 0.6% PVC that was present. The levels of total chlorides in
the oil samples ranged from 21 - 39 ppm. The gas analyses showed high levels of carbon
oxides, which were also seen in the studies with PET-spiked feedstocks. Liquid yields
were very low (30%) because of the elevated retort temperatures and the extremely high
levels of PET present in the feed.

The objective of Run 75 was to investigate the relationship, at low pyrolysis severity,
between lime hydrate addition rate and terephthalic acid production for the PCP-GW
plastic mixture. The run was conducted over a retort temperature range of 950-1000 °F,
which was far below the temperatures used previously to process high-PET feedstocks
without formation of TPA. It was thought that the presence of a large amount of lime
hydrate might reduce the tendency for TPA production, which had been observed at low
retort temperatures like those used in Run 75.

Before reaching stable operating conditions on the DART unit, it was apparent that
elevated feed rates of lime hydrate did not inhibit the production of TPA. Lime hydrate
was initially introduced at 20 Ib/hr, and TPA was observed in the retort oil samples. After
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eight hours of operation, the lime hydrate feed rate was raised to 30 Ib/hr. After an
additional eight hours, it became clear that TPA production was not diminished, and the
study was concluded. Retort oil samples contained about 4.5% TPA by weight. It was
concluded that higher retort temperature is the only effective method to avoid TPA
problems. :

Although the retort temperature was relatively low throughout the run, the oil yield was
lower than expected, about 32%. As was the case during Runs 60B and 63, the oil
samples contained low levels of total chlorides.

4.4 Recycling of Wax and Chlorinated Oils

Five runs were dedicated to the recycling of wax and chlorinated oils. The focus of these
runs was twofold: to investigate the utility of the DART system for recycling light
hydrocarbon waxes and chlorinated oil wastes, and to demonstrate that on-site
remediation of wastes from the project was possible. Information about the process
technology that was used to recycle wax and chlorinated oils is not listed. The chlorinated
pyrolysis oil feedstocks for these runs were generated during Runs 25, 26 and 29 and
contained total chlorides at various concentrations from 1000 - 5000 ppm. The melting
range of the wax was 100-130 °F and was produced at various times throughout the
project.

The intent of Runs 37, 43 and 44 was to discover whether it would be possible to feed
chlorinated pyrolysis oil with base resin and generate product oil with acceptable total
chloride levels. As shown in Table XXVII, the range of total chloride concentrations in the
product oil during these three runs ranged from <10 to 82 ppm. It is thought that during
portions of Run 43, the lime hydrate feeder operated inconsistently, which may explain
some of the higher levels of total chlorides. Product oil from Runs 67 and 68 contained a
maximum of 24 ppm total chlorides.

Table XXVII Retort oil total chloride levels from oil recycling studies

Retort Oil Total

Feed Rate (Ib/hr) Chloride Levels (ppm)

Run#  Feed Type Base Resin Oil Lime Hydrate Mean Low High
37 Cl-oil + resin 117 53 10 23 11 48
43  Cl-oil + resin 72 69 10 19 <10 82
44  Cl-oil + resin 71 42 10 11 <10 17
67 Cl-oil 0 97 10 20 15 24
68  Cl-oil 0 130 5 16 12 20

Table XXVIII compares the hydrocarbon analysis of the chlorinated oil feedstock with the
yields (not concentrations) of the hydrocarbon components in the oil produced during Run
67. Also shown is the conversion factor, which facilitates comparisons of individual
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component yield losses. Overall, only about 30% of the oil was converted to gas during
the dechlorination process. With the exception of benzene, all of the main oil components
were converted to smaller hydrocarbons. From the data it appears that a large amount of
styrene was converted, possibly to toluene and benzene (along with methane and
ethylene). The heavy aliphatic hydrocarbons were lost in higher proportion than the other .

aliphatics.
Table XXVIII Feedstock analysis and product component yields for Run 67
Feedstock Component  Product Conversion
Component Concentrations (wt%)  Yields (wt%) Factor (%)
Total Liquid Yield 69.2 -30.8
Total Aromatics 53.8 41.6 =23
Benzene 2.4 2.8 +17
Toluene 8.6 8.0 -7
Styrene 21.1 9.8 -54
Total Aliphatics 332 19.8 -40
<Cl11 15.5 9.0 —42
Cl1-C20 12.5 8.7 -30
>C20 52 2.1 —-60
Unidentified 13.0 7.8

During a portion of Run 68, low melting point waxes that were produced earlier in the
project were processed. Although no analytical results are available for the products, it is
known that a substantial amount of gas was produced along with a quantity of relatively
low viscosity oil. '

It is assumed that the majority of organochloride compounds in the pyrolysis oil

* feedstocks are monochlorinated species. It is not known whether the efficiency of
chlorine capture would be reduced if polychlorinated species such as methylene chloride,
1,1,1-trichloroethane or other chlorinated solvents were present in the oil. However, the
combined successful results from processing a polychlorinated resin (PVC) and recycling
chlorinated pyrolysis oil imply that the DART unit may be useful as a future means of
recycling chlorinated oil wastes.

4.5 Characterization of By-products

For most of the studies in which PVC-spiked plastic or post-consumer plastic were
processed, lime hydrate was added to the retort to capture hydrogen chloride. After
passing through the retort, the utilized and excess lime along with some carbon was
collected as part of the solid residue. The solid residue also contains impurities present in

cONR4,
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the lime hydrate along with inorganic constituents present in the original plastic, including
fillers, residual catalyst and mold release agents. The following reactions involving lime
hydrate are thought to occur in the retort.

Ca(OH), — CaO + H,0
Ca(OH), +2HCl - CaCl, +2H,0
Ca(OH), +C0, — CaCO; +H,0

Solid residue samples from Run 49 (PCP-OR) and Run 59 (PCP-NJ) were characterized
at EERC. Based on the results of elemental and bulk inorganic analyses, Table XXIX
summarizes the overall constituent concentrations in the solid residue samples. As
expected, the samples are composed primarily of calcium carbonate, lime and carbon.
Smaller amounts of sand and calcium chloride are present along with a variety of other
constituents. The chloride level in the sample from Run 59 was fairly high, which is
consistent with the relatively high level of PVC present in the plastic feedstock (1.5%).
Plastic feedstock from Run 49 contained 0.5% PVC.

Table XXIX Characterization of by-product solids

Constituent . Run 49 (%) Run 59 (%)
CaCoO; 53.7 41.2
Ca0 22.6 26.5
Organic Carbon 9.0 12.0
Si0, 1.45 5.30
CaCl, 0.76 2.14
Hydrogen 0.72 0.47
TiO, 0.68 1.50
ALO; 0.62 1.21
MgO 0.38 0.65
Na,0 0.30 0.71
FezOg + FC304 0.16 0.29
Sulfur 0.08 0.18
Total 90.45 92.15

Graphs showing the particle size distribution for each sample are shown in Figures 35 and
36. Both samples show a bimodal size distribution with nearly all particles less than 100

u.
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Figure 35 Particle size distribution of by-product solids from Run 49
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Figure 36 Particle size distribution of by-product solids from Run 59
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4.6 Product Market Potential

4.6.1 Product Liquid

A primary objective of the recycling project was to produce a marketable liquid product
with good value. For this reason, extensive refinery trials were conducted at two different
refineries. During these trals, the liquid product was successfully processed into
hydrocarbon streams from which basic petrochemical building blocks of gasoline, heating
oil and other petroleum-based products are made.

A total of 37,500 pounds of liquid product was shipped to Lyondell Petrochemicals in
Houston, Texas on 11/8/93. The liquid was mixed at a low level (<5%) with Resid and
processed in the Lyondell-Citgo Delayed Coker unit. From the feedstock mix, 110,000
pounds of petroleum coke were produced along with coker naphtha, light gas oil and
heavy gas oil. The liquid samples were analyzed by Comsource American in Pasadena,
Texas. The petroleum coke samples were tested by Commercial Testing and Engineering
Company in Deer Park, Texas. Although minor variations in the data were noticed, no
significant differences were observed. In the opinion of the professional staff at Lyondell,
the use of this type of feedstock would be indistinguishable from other feedstocks
processed in the delayed coking unit of a refinery. It was also believed that most of the
liquid product from plastics was volatilized and left the coker as naphtha, light gas oil and
light gases.

A total of 68,500 pounds of liquid product was shipped to the Book Cliffs Energy
Corporation Refinery in Green River, Utah on 4/1/94 and 9/7/94. The liquid was mixed
with an equal amount of used industrial oil and injected into the vacuum column. The gas
oils were then drawn off and the light ends were taken out. The gas oils were processed
in the catalytic cracker to produce a 50/50 yield of high octane gasoline and diesel fuel.
Based on the successful trial and the high level of octanes in the DART liquid product, the
Book Cliffs personnel have proposed a dedicated run with the liquid product from the
APC/Conrad project.

4.6.2 By-product Solids

Although not a primary goal of the project, some studies have been conducted to
investigate the marketability of the by-product solids from the project. Samples of the
solids were processed at Tide Corporation in Albuquerque, New Mexico. The solids were
compressed into dense bricks for potential use as building material. TCLP tests of the
bricks indicated that the product was environmentally safe. For more information, see
sections 4.5 and 5.3.
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4,6.3 Wax

Accumulation of C25-C50 waxes in the solids collection system occurred during some of
the shakedown runs and early parametric study runs. Chevron Research and Technology
Company in Richmond, California has conducted preliminary bench-scale cracking trials
with the wax. Although the trials were viewed positively by the Chevron personnel, the
trial results were proprietary and were not released by Chevron.

cONR4,
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5. Environmental

5.1 Air Permitting

5.1.1 Stack Emissions

The purpose of air emission testing was to quantify emissions of particulate matter, SO,,
NO,, CO, metals, base/neutral/acid semi-volatile organic compounds (BNA's) and
speciated volatile organic compounds (VOC's) as well as HCl and polychlorinated
dibenzodioxins and dibenzofurans. The tests were performed by an independent air
emissions testing firm. Many runs were conducted with PVC plastics and it was essential
to quantify the impact on organochlorides in the air stream and to capture the HCI before
release to the atmosphere.

Table XXX lists the results of the first air emission test, conducted in May 1993. The test
occurred during Run 7, in which base resin was processed.

Table XXX Results of May, 1993 air emission test

ANALYTE "AVERAGE | o
CONCENTRATION IN CONCENTRATION IN_
| | RETORTEXHAUST | FLAREEXHAUST
Particulate 0.020 Ib/hr 0.012 Ib/hr

CO 0.33 ppm 0.167 ppm
SO, 1.4 ppm 0.8 ppm
NO, . 273 ppm 146.5 ppm
BNA's Nearly all compounds were undetected. Trace

amounts of chlorinated organic compounds were
detected at values that were so close to their
detection limit, they were thought to be false
positives.

VOC's For the most part, these compounds were not
detected. The only compounds that were present
at levels above their detection limit were acetone,
methylene chloride (CH; - Cl;) and
trichloroethylene. These were not considered
significant because they are common laboratory
contaminants.

Metals The average concentrations were below detection
limits or were not considered to be significant.
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The purpose of the next air test was to evaluate the emissions of the flare exhaust while
the DART unit was operating with a feedstock that contained 3% PVC without lime
hydrate addition. The test occurred during Run 25 and is summarized in Table XXXI.
The Southwest Air Pollution Control Authority (SWAPCA) desired that the level of the
HCI be less than 12 ppm. The measured value of 4.5 ppm was substantially below this
limit. No benzene limit was set. However, the 0.271 mg/min was considered to be
acceptable by SWAPCA.

Table XXXI Results of October, 1993 air emission test

NO« 57.5 ppm
Benzene 0.271 mg/min

The final air emission test occurred during Run 39, February of 1994. During this run,
feedstock containing 2% PET and 0.5% PVC was processed without the acid gas
scrubber and with a plastic/lime hydrate physical weight ratio of 10/1. The results of the
test are shown in Table XXXII.

Table XXXII Results of February, 1994 air emission test

CONCEN TRA’I‘ ION IN
| RE E | - FLARE EXHAUST:_

Particulate 0.001 gr/dscf 0.002 gr/dscf
CO 1.0 ppm 0 ppm
NO« ' 53.5 ppm 53.5 ppm
Benzene 2.2 ug/m’ ND
Total Tetra-Octa
Polychlorinated 0.180 ng/m® t 0.248 ng/m’ t
Dibenzofurans (PCDF) 0.950 ng/m’ ¥ 2.72 ng/m’ E
Total Tetra-Octa ,
Polychlorinated 0.259 ng/m’> 0.551 ngm® t
Dibenzodioxins (PCDD) 1.34 ng/m*> ¥ 6.09 ng/m’> ¥
Total PCDF & PCDD 0.438 ng/m’ 1 0.798 ng/m’
Tetra-Octa 2.29 ng/m’ ® 8.81 ng/m’ ®

Polynuclear aromatic hydrocarbons were not detected in the

retort stack nor in the flare.

+ uncorrected
% corrected @ 7% O,
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On March 2, 1995, SWAPCA issued a Notice of Construction to Conrad Industries, Inc,
to operate the Advanced Recycling Technology Systems for processing post-consumer
plastic. The Notice of Construction was given on the condition that air emission testing
be conducted to quantify emissions to atmosphere using the best available control
technology. : :

A ninety-nine percent Destruction Removal Efficiency of hydrocarbons for the retort
exhaust and thermal oxidizer (flare exhaust) was specifically required to meet California
South Coast Air Quality Management District "BACT" Guidelines & Regulations. These
regulations are considered among the most stringent in the country.

SWAPCA required the followirig additional emission limits for the project:

e SO, 1.0 ton/yr

e NO, 2.0 ton/yr

e CO 0.5 ton/yr

¢ Opacity 0

e Particulate 0.005 gr/dscf
e HCI 99.9% removal

With the exception of NO, these conditions were met based on the excellent overall
results. SWAPCA granted a variance on the NO, emission limit because the DART unit
still achieved greater than 99% destruction removal efficiency.

The following summarizes the air emission results:

CO The average concentration was less than 5 ppm uncorrected or
corrected for both the retort and the flare, which is well below
typical emission standards.

NO« The DART unit averaged 60 ppm on the final two emission tests,
which is well within the required ranges and standards.

SO, The average concentration was zero.

PCDD/PCDF The average emission concentration for total PCDD and PCDF
was 0.438 and 0.798 ng/m’ (uncorrected) and 0.609 and 1.40
ng/m’ @ 7% O; for the retort and flare respectively. This is far
below EPA subpart emission standards.

PAH Results were generally below the detection limit.

Benzene The typical benzene standard is 500 ppbv listed by the National
Emission Standard for Hazardous Air Pollutants. Emissions from
the DART unit ranged from 0.2 to 1.4 ppbv, which is well below
this standard.

P 4
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5.1.2 Fugitive Emissions

EPA regulations mandate that VOC fugitive emissions be controlled under the New
Source Performance Standards (NSPS).

- An emissions control service was retained to monitor the DART unit. The emissions
control service began by identifying, logging and tagging the required components and
generating a component list. Monitoring began with all components being scheduled for
monitoring either monthly or quarterly. EPA NSPS regulations state that after five
consecutive quarters, with leak detection at less than 2%, annual monitoring only is
required. To date 238 components have been monitored on the DART unit for four
consecutive months without detection of any leaks. Continued on-line maintenance will
result in a substantial reduction in emission monitoring costs.

5.2 Water

Waste water was generated during the parametric study and originated from two sources:
water that collected in the light oil condensing sump and spent acid scrubber water.

The contaminants in both types of waste water were similar, so a common on-site
treatment process made the water acceptable for disposal to the local water treatment
facility. ' '

Before treatment, the waste water was considered to be a potentially hazardous waste due
to the presence of benzene at 120 ppm. After treatment the benzene level was 1 ppb,
which was well below the 15 ppb effluent limit in the state water discharge permit for the
Conrad facility.

The acid gas scrubber was used whenever resin feed containing PVC was tested. Initially,
the scrubbing medium was a circulating solution containing less than 1% NaOH. The total
dissolved salt concentration was maintained between 6 and 12 wt%. With adequate lime
hydrate addition to the retort, there were no indications of any breakthrough of hydrogen
chloride (HC!) into the scrubber. However, carbon dioxide was present in the non
condensable gases, which resulted in a waste stream of aqueous sodium carbonate and
sodium bicarbonate. The solution was periodically drained to a neutralization system,
where addition of 93% sulfuric acid lowered the pH to 8-9.

Relocation of the scrubber to downstream of the light oil condensing tower coupled with
the use of sodium carbonate solution in the scrubber eliminated the need for two
hazardous substances, sodium hydroxide and sulfuric acid. Since sodium carbonate
solution was ultimately converted to sodium bicarbonate in the scrubber by the continuous
influx of CO,, the waste stream did not require acid addition to meet acceptable pH limits.

cONR4,,
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DISCLAIMER

The information contained in this report is believed to be accurate as of the time of its
publication. However, no warranty is provided with respect to the accuracy of the
information or its suitability for any reader's particular purpose. This report is for
purposes of information only and is not intended and may not be construed as any
warranty, express or implied, with respect to the technology or equipment that is the
subject matter of the report. Any such warranties are hereby expressly DISCLAIMED,
including without limitation, any IMPLIED WARRANTY OF MERCHANIBILITY OR
FITNESS FOR ANY PARTICULAR PURPOSE. Participation by APC in the publication
of this report does not constitute endorsement by APC of the technology or equipment
described in the report.
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Environmental

Waste water treatment involved first passing the water through a 3-5 micron coalescer
filter to remove turbidity and any suspended oils. The water was then passed through two
activated carbon drums in series.

@ One surprising result was a slightly elevated concentration of arsenic in the waste water,
: nearly 0.5 ppm. A search revealed that the arsenic source was lime hydrate, where a
typical arsenic concentration is 7-15 wt. ppm.

As shown in Table XXXIII, the concentrations of hydrocarbon contaminants were greatly
reduced by the treatment process.

Table XXXIII Levels of hydrocarbon contaminants in waste water
CONTAMINANT b - .MEASURED - "MEASURED . | . REGULATED .
TN g e CONCENTRATION CONCENTRATION CONCE TRATION
| INUNTREATED ‘ ' ¥
_ | WATER (mgh)* o o
Acetone 330 ND* NA
Benzene 120 .001 0.015
2-Butanone’ 50 ND 200
Ethylbenzene 8.8 0.0073 0.030
Methylene Chloride 4.5 ND NA
Styrene 45 0.017 NA
Toluene 67 0.015 0.040
Total Xylenes ND 0.039 NA

! Based on a sample of untreated interface water collected by Conrad Industries on

March 3, 1994
Based on a sample of treated interface water collected by Conrad Industries on
July 5, 1994

3 Quarterly average effluent limitations from State Waste Discharge Permit
4 Not detected
’ Methy! ethyl ketone
6 As defined by the Toxicity Characteristics List, WAC 173-303-090 (8)
cONR4,, - 92

IND(STRIES INC.




Advanced Recycling of Plastics

5.3 Solids

5.3.1 By-product Solids

During the runs in which lime hydrate was added to the retort, a significant quantity of by-
product solids were generated. These solids were studied by EERC" and are characterized
in section 4.5 of this report. A portion of the EERC work centered on the leaching
characteristics of the by-product solids that resulted from Run 49 (PCP-OR) and Run 59

(PCP-OR).

Initially, TCLP tests that were performed by MVTL Laboratories, Inc. indicated that the
samples were environmentally nonhazardous. The subsequent leaching study by EERC
confirmed the nonhazardous characterization of these samples. Table XXXIV lists the

results of the leaching study.

Table XXXIV Leaching results for by-product solids

Run 49 (ng/L) Run 59 (ug/L) Reg. Limits (ug/L)

18-hr 7-day 18-hr 7-day PDWS'  RCRA?
Ag <15 <1.5 <1.5 <1.5 50 5,000
As <4 <4 <4 <4 50 5,000
Ba 3,060 4,520 2,680 2,900 10,000 100,000
Cd <0.1 <0.1 <0.1 <0.1 10 1,000
Cr <50 <50 <50 <50 50 5,000
Hg <0.1 <0.1 <0.1 <0.1 2 200
Pb 771 638 23.4 38.8 50 5,000
Se 3.8 3.7 6.7 5.6 10 1,000
! Primary drinking water standard

2 Resource Conservation and Recovery Act

* Pflughoefi-Hasset, Debra F.; Dockter, Bruce A., Eylards, Kurt E., Hasset, David J. "Characteristics of
Residues from Thermal Recycling of Plastics" final r:port to the American Plastics Council, EERC

publication, June, 1995
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6. Health and Safety

The health and safety of the plant personnel is under continuous evaluation. Before any of
the initial shakedown runs were performed, an exhaustive safety review of the DART unit
was conducted by Conrad Industries and Kleenair Products personnel in conjunction with
engineers from APC member companies. In addition, the plant operators were thoroughly
educated about the hazards of working in a refinery-type environment before any actual
studies were conducted. As the studies began and previously unforeseen health and safety
issues became important, additional training of the operators was undertaken. Finally,
when the nature of the specific industrial hygiene issues became apparent during the
course of the project, a comprehensive industrial hygiene plan was developed by an
outside contractor in conjunction with Conrad personnel.

6.1 Industrial Hygiene

The purpose of the Industrial Hygiene (IH) Plan is to provide and maintain a safe and
healthful work place for all plant personnel. Industrial Hygiene monitoring is required to
characterize work place exposure to airborne contaminants. The IH sampling plan applies
to all hazardous contaminants to which there is a potential for airborne exposure on a
routine or non-routine basis. '

TH monitoring is conducted only by trained employees. Employee training is conducted by
a Certified Industrial Hygienist.

IH sampling is conducted to adequately characterize exposure to the following
contaminants:

Benzene

Hydrogen sulfide

Carbon monoxide

Metals (lead, cadmium, arsenic)

Hydrogen cyanide

Other potential airborne contaminants produced in the recycling process under
feedstock conditions not previously evaluated

Each of the above contaminants is monitored at a specific frequency. Employees are
notified within a specific time period of the results of IH sampling analyses. Detailed
records are kept which include specific sampling conditions, sampling procedures,
monitored employee information and environmental variables. Sampling and monitoring
equipment is calibrated prior to and after each use.

Specific procedures for hydrogen cyanide safety and monitoring are found in a separate
plan entitled Hydrogen Cyanide Safety Guidelines and Emergency Response.

¢ONR4,,
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During processing, sludge tank cleaning or leaks, spills, ruptures or breakdowns, there
exists the potential for the release of significant levels of contaminants to which exposure
has not been characterized. If this type of situation occurs, exposure monitoring is
conducted in accordance with applicable standards using NIOSH- or OSHA-approved
sampling protocols and analytxcal methods.

Sampling results are interpreted in accordance with applicable exposure limits (WISHA
Action Levels, PEL's, STEL's and Ceiling Limits) and recommended exposure guidelines
(ACGIH TLV's).

6.2 Safety Review

Prior to construction of the DART unit, a series of safety review meetings were held. The
intent of the project was to utilize an existing machine and make changes only where
necessary. Therefore, the safety meetings focused on examination of the existing machine
on a section-by-section basis. The meetings also aided development of an acid gas liquid
scrubber system which was necessary for the planned testing.

The safety review meetings were chaired by industry safety personnel. During the safety
review, a DART process or function was described and hazardous scenarios were
constructed by industry representatives which addressed potential safety issues associated
with each process or function. These safety issues were resolved by ascertaining the
resulting process effects, judging what, if any, safety implications were likely, deciding
whether the current protection strategy or equipment was adequate, and if needed,
recommending changes that would enhance safety.

The safety review also scrutinized related items pertaining to feed verification and storage,
analytical sampling, product storage and shipping, and general plant safety.

6.3 Operator Training

Operator training encompasses all facets of facility operation. American Plastics Council
members, along with an environmental consultant, identified state and federal
requirements. They also defined specific training areas known to be needed prior to
beginning DART parametric studies. Training was prioritized based on DART equipment
progress and personnel exposure potential. Training began with operational issues such as
general health and safety, first aid, emergency response, and forklift handling. Operator
training progressed to hazardous material handling, hazardous communications,
environmental awareness and advanced environmental training.

Employee training is essential to facility operations. Training topics therefore included
good housekeeping and material management practices, as well as spill prevention and
response. At least annually, facility operators also receive training regarding pollution
control laws and regulations, as well as reviewing the facility Dangerous Waste
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Procedures manual, Stormwater Pollution Prevention Plan, and the OQil Spill Prevention
Control and Countermeasure Plan. Training focusing on the specific features of the
facility was provided to aid in the prevention of releases of oil, petroleum products and
hazardous substances and to prevent pollution of soil, surface water, and groundwater.
Personnel training was typically provided during employee safety meetings.

The training curricula is perpetually developed to encompass changes required in personal
- protective equipment (PPE), safety procedures (which change as the eqmpment is added
or modified), and personal exposure areas are encountered.

The addition of the acid gas scrubber necessitated training in the handling of the entire pH
range. Operator involvement in the lab opened another avenue of safety procedures and
the studies on PVC and nitrogen-containing compounds required creation of specific
operating rules.

Extensive training was required in the operation of the DART unit. Procedures for safe
process start-up, operation and shutdown, as well as troubleshooting and alarm response
were created and are included in the DART procedures manual.
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7. Conclusion

During the project, the American Plastics Council and Conrad Industries demonstrated
that pyrolysis is a viable method for recycling post-consumer plastics into liquid
petrochemical feedstocks. Seventy-six runs were conducted on the DART unit at the
Conrad Industries facility during the 20-month project. The liquid and noncondensable
gas products were thoroughly analyzed at the site using gas chromatography and other
analytical methods.

Initial shakedown runs were conducted for the purpose of confirming the operating
reliability of the DART unit. Following the shakedown runs, a parametric study was
conducted to demonstrate the capability of recycling many different combinations of resin
types using pyrolysis. A variety of resin types typically found in packaging and durable
waste streams were recycled under a range of operating conditions. Analysis of product
yield and composition has led to a better understanding of the viability and economics of
pyrolysis to recycle plastics. The most important pyrolysis process variable is temperature
followed by retention time. At low retort temperatures, liquid oil yields of 65-95% are
possible.

The optimal process conditions to attain high liquid yields, good product quality, high
feedstock throughput and ease of operation were determined during the parametric study.
For base feedstock and plastic feedstocks containing low levels of polyethylene
terephthalate (PET), polyvinylchloride (PVC) or intentionally added impurities, liquid
yields of 65-75% were achieved with pyrolysis temperatures of 900-950 °F. Liquid
produced from base feedstock at these temperatures contained about 55% aromatic
compounds and 45% aliphatic compounds. Most of the aromatic compounds in the liquid
product were monoaromatic species, such as benzene, toluene and styrene. Most of the
aliphatic compounds were olefins and contained less than 20 carbon atoms. However, the
concentration of heavier aliphatics was high enough to affect the viscosity of the liquid
product. The noncondensable hydrocarbon gas that was produced at 900-950 °F from the

* above feedstocks contained primarily ethylene, propylene, C4 olefins and methane, with
lower concentrations of ethane, propane, butanes and hydrogen. The combined yield of
ethylene and propylene in the gas was highly predictive of the liquid yield.

During the parametric study, it was shown that pyrolysis of resin blends with elevated
levels of polystyrene or low-density polyethylene exhibited behavior that was nearly
identical to that of base resin. The presence of shredded paper at 4% did not appear to
adversely affect the process in any way. Pyrolysis in the presence of a cracking catalyst
did not have a significant effect on liquid yield or on the yields of individual hydrocarbons
in the liquid or gas.

Processing resin blends with elevated levels of PET (20-40%) required substantially more
heat than other plastic mixtures and resulted in liquid product containing a significant
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amount of solid terephthalic acid. It was shown that the presence of terephthalic acid in
the liquid product could be eliminated at high pyrolysis temperatures.

The presence of PVC in the plastic feed at 1-3% resulted in product oil with total chloride
levels of 5,000-10,000 ppm. It was demonstrated that at these same PVC levels, the total
chloride concentration in the oil was reduced to less than 10 ppm with the addition of lime
hydrate. The presence of low levels of PET (1-5%) in the feed in addition to PVC did not
appear to have a detrimental effect on the resulting total chloride concentration in the oil.
The primary factor governing the efficient and total removal of chloride from the system
was the physical mixing ratio of plastic feed to lime hydrate. It was shown that efficient
chloride removal could be achieved at a feed:lime hydrate physical mixing ratio of about
30:1 for a plastic blend containing 1% PVC and 3% PET.

Feeds containing 5% or more of polyurethane, acrylonitrile butadiene styrene or
polyamide were recycled without difficulty. Hydrogen cyanide was not positively detected
in the product oil or gas.

Pyrolysis of 100% polystyrene resulted in a 95% liquid yield and a styrene monomer yield
of nearly 60%. With further study, it may be possible to achieve styrene monomer yields
of 65-70%. Toluene and ethyl benzene concentrations were also high in the liquid
product. The capacity of the DART unit for processing 100% polystyrene was almost
double that for other resins.

100% polypropylene was processed at 850 °F with a liquid yield of 66%. The liquid
product contained primarily olefins that resembled the molecular skeleton of
polypropylene. The noncondensable gas contained elevated levels of propylene,
isobutylene and n-pentane.

Four batches of post-consumer plastic from different regions of the country were
successfully recycled. Although PVC, PET and various impurities were present in the
post-consumer plastic, the addition of lime hydrate produced a liquid product that was
very similar to liquid produced from base feedstock mixtures. Chloride levels in the liquid
product were about 10 ppm for all post-consumer plastic batches.

There were no environmental problems associated with the process. Stack emissions were
well within air quality limits. Fugitive emissions were monitored without any detection of
leaks. Waste water that was generated during the process was treated at the Conrad
Industries facility. The treated water was tested and was acceptable for disposal to the
local water treatment facility. The by-product solids from the process were thoroughly
analyzed and found to contain primarily calcium oxide, calcium carbonate and carbon.
The solids were not considered to be environmentally hazardous.

The liquid product from the parametric study was thoroughly analyzed and was found to
be acceptable as a refinery feedstock. A 6,000-gallon batch of oil was shipped to the
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Lyondell-Citgo Refinery in Houston, Texas for processing. The oil was mixed with Resid
and used as a feed to their coker units. Most of the product was volatile and no
processing difficulties were observed. It was determined that this type of feedstock is
indistinguishable from other petroleum feedstocks to a refinery.

Recycling plastics using pyrolysis is technically feasible. Many of the difficulties which
arose during the program were the result of the design of the DART unit, which was not
optimized during this research project. The results of this project will enable a pyrolysis
unit to be designed that will consistently produce marketable liquid products at yields in
excess of 70% from post-consumer plastics containing mixed resins.
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8. Appendices

- 8.1 Original APC/Conrad Industries Test Plan
Table XXXV on page 138 outlines the original test plan for the Conrad DART unit.

8.2 Lime Hydrate: Physical and Chemical Properties

8.2.1 Properties of Lime Hydrate

The following discussion on the properties of lime hydrate was based, in part, on
information from “Chemical Technology of Lime and Limestone”, 2nd Edition, by Robert
Boynton (John Wiley & Sons Inc.-Publishers).

8.2.1.1 Typical Surface Area

Lime (Ca0O) 0.8 mz/g (by BET method)
Lime Hydrate [Ca(OH),] 10.0 m%g (by BET method)

This surface area difference may explain why studies by EER and EERC discovered that
lime hydrate was more effective than lime in their evaluation of HCI scavenging agents
when pyrolyzing PVC.

Also the particle size distribution of the lime hydrate may also contribute to its
effectiveness.

8.2.1.2 Particle Size Distribution

Cumulative Percentage by Weight (typical range

On 10 microns 5-30%
On 5 microns 20 - 60%
Through 2 microns 20-30%

Particles below 5 microns are difficult to collect by centrifugal force (cyclones) either in a
gaseous or liquid medium. As a consequence a significant proportion of the lime hydrate
fed to the retort is swept over into the heavy oil condensation tower where it settles out in
the sump. There is no simple device which can be installed in the gas outlet to the
pyrolysis retort to diminish this carryover.
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In addition to reaction of the lime hydrate with HCl in the retort, there will be reaction of
lime hydrate and possibly some lime with some of the carbon dioxide formed by oxidation
of hydrocarbons in the retort:

Ca(OH), + CO, > CaCO; + H,0
Ca(OH); = Ca0 + H;0 (at 1004 °F)
Ca0 + CO; > CaCO; (starts at 750 °F, rapid at 1100 °F)

Based on the temperature requirements, much of the un-reacted lime in the solids
collection drum should be there as lime (CaO) and possibly some calcium carbonate
(CaCO;) while the lime in the heavy oil condensation tower sump should be in hydrated
form [Ca(OH),] because of the water formed in the retort by reaction of oxygen
(introduced with the resin feed) with pyrolysis products.

8.2.1.3 Lime hydrate reaction with HCI

Very rapid at room temperature.
With lime (CaO) the reaction is fast at temperatures above 175 °F
Ca(OH)z + 2 HCl, =2 CaCl, + 2H,0v

(water soluble)

8.2.1.4 Lime hydrate reaction with HCN

Ca(OH), + 2 HCN Ca(CN),; + 2H;0O

Calcium cyanide in solid form slowly hydrolyzes to HCN in the presence of water (liquid
or vapor). Any calcium cyanide collecting in the carbon-lime drum can slowly hydrolyze
to yield HCN when exposed to the environment.

Any calcium cyanide collecting in the heavy oil sump would slowly hydrolyze to HCN as
the water vapor in the retort product vapors are condensed. HCN vapors would then pass
over into the light oil condensation tower.

8.3 Bench Scale Pyrolysis Reactor

Throughout the studies, a bench scale pyrolysis reactor (Figure 16) was used for
preliminary studies of special feedstocks. The bench scale unit is housed within a small
ventilated enclosure. The unit consists of an electrically heated oven with a maximum

_ temperature limit of 1500 °F. The pyrolysis chamber rests within the furnace cavity and
houses a trough for the pyrolysis feedstock. Hot pyrolyzate vapors exit the chamber to a
water-cooled condenser. Qil condensate collects in a 2-liter flask, while non-condensable
gas is routed to a Bunsen burner through a water bubbler/flame arrestor.
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Although it was very useful for crude tests, several important differences existed between
the bench scale unit and the DART unit. First, the bench scale unit operated as a batch
processor, while the DART unit operated with continuous feeding. Second, unlike the
DART unit, the bench unit had no means of agitation or mixing of the material in the
pyrolysis chamber. Third, because it operated as a batch processing unit, the volume of
the chamber was filled with air at start-up. '

8.4 GC/MS Analysis of Oil Produced From Base Resin

8.5 GC/MS Analysis of Oil Produced From Post-Consumer
Plastic

8.6 Material Balance and Yield Data

Table XXXXVI on the following pages provides production data, calculated yields and
normalized yields for Run 11 through Run 76B.

8.7 Run Classifications

Table XXXVII on the following pages provides a classification for each run as well as that
run's objective and result.

8.8 Run Data Summary

Table XXXVIII on the following pages provides a summary of the feedstock, operating
conditions, and yields for Run 17A through Run 76B.
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Chemistry

STATE and Biochemistry
UNIVERSITY ot e e

Bozeman. MT 59717-0340
‘ NNIALe
1893°CENTENNIAL®1993 . Teiepnone 406-994-4801

FaXx 406-994-5407

l MONTAN A Department of

January 9, 1994

Dr. Kyle Strode
Conrad Industries, Inc.
121 Melhart Road
Chehalis, WA 98532

Dear Dr. Strode;

The analysis of the sample (B11171500.PO) you submitted to our facility on
November 21, 1993, has been completed. The report of the findings, the chromatograms,
mass spectra, and library comparisons are included hersin. A brief description of the
information contained in the data listings and graphs will also be presented.

The gas chromatograph and mass spectrometer parameters for the data
acquisition can be found on their respective cover pages. The only informaticn missing
from these pages are the helium flow velocity through the column (30 cm/sec, adjusted
at 250°C) and the sample injection volume (0.5ul, split 100:1). Also, the injection port
temperature of the gas chromatograph was 280°C and the GC/MS interface temperature
was 320°C. The gas chromatograph used for the analysis was a Varian 3700 equipped
with a 60 meter DB-1, 0.25 mm i.d. capillary column with a 0.25 micron film thickness.
The mass spectrometer was a VG 70E-HF dual sector (EB geometry) operating at a
source temperature of 200°C. The data was collected and processed on a VG 11-250
data system based on the DEC PDP 11/73 computer system. Peak areas of each
component were measured manually; the measurement was valley-to-valley rather than
baseline-to-baseline. Mass spectral identification of each component was performed by
a combination of library searches and manual interpretation. Peak areas, chromatogram
scan numbers, and compound identification information was entered into a Quatropro
spread shest for further data reduction. A disc containing this spreadsheet has been
included with the data packet. To simplify the data reduction process, the assumption
was made that all the compounds have an equal electron jonization cross-section - or an
equal molar response.

A listing of the processed data contained in this report is as follows:
1. Several chromatograms, printed in various formats. One chromatogram has

been greatly expanded to allow annotation of the peaks with the compound
identification.
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2. A peak area summary page listing total hydrocarbon peak areas, total aliphatic
hydrocarbon peak areas, and total aromatic hydrocarbon peak areas. Also
included in the summary page is the measured total ion current peak area. This
measurement was conducted by two methods, a) baseline-to-baseline from scan
1-7200 of the chromatogram, and b) valley-to-valley from scan 1-7200 of the
chromatogram. The summed TIC is presented for each method of measurement,
followed by the percent -of the of the total ion current which was compound
identitied and peak arsa measured.

3. A listing of all the identified and peak area measured components in the
chromatogram. This listing comprises a total of 9 pages. The first § pages
contains only the aliphatic hydrocarbons. The first column provides two pieces of
information - the carbon number and the number of sites of unsaturation (i.s.,
"4.1" signifies a four carbon compound with one site of unsaturation). The second
column is the scan number where the compound can be found in the
chromatogram. The third column is the peak area of the compound. The forth
column contains the percent contribution of the compound with respect to the
aliphatic hydrocarbons. The fifth column contains the percent contribution of the
compound with respect to the total hydrocarbons in the chromatogram.

- Note: The percent contribution of each compound is based on a
summation of the individually measured peak areas, not the measured total
ion current. - .

The next two pages is a listing of the aromatic hydrocarbons with the same
general representation as found previously with the aliphatic hydrocarbons. The
major difference in the representation is the first column. This column contains in
the proposed elemental composition and mass of the compound. The final two
pages contains a listing of the aromatic compounds and also includes the sub-
structure identification of the compound. In some instances, the compound has
been specifically identified; in others, the compound shows the base functionality
with the degree of substitution and the number of sites of unsaturation. Some
name-identifications begin with a question mark. These are a 'best-guess’
approximation of its identity. Please keep in mind that many isomers may exist for
many of the elemental formulas. Standards would be required for specific
identification of most of the compounds.

4. The last seven pages of the reccrt consist of graphs which visually represent
the distribution of the components of the sample. The data contained in each
graph is as follows:

a) Total Hydrocarbon Distribution: This graph represents the percentage
distribution of hydrocarbons based on carbon number. Each carbon
number is the summation of peak areas of the aliphatic and aromatic
hydrocarbons containing that oarticular number of carbon atoms.

Appendices
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b) Aliphatic Hydrocarbon Distribution (1): This graph represents the
percentage distribution of the aliphatic hydrocarbons, by carbon number,
with respect to the total aliphatic hydrocarbon peak area.

c) Aliphatic Hydrocarbon Distribution (2): This graph represents the
percentage distribution of the aliphatic hydrocarbons, by carbon number,
with respect to the total measured hydrocarbons in the sample.

d) Saturated vs Olefinic Hydrocarbons (1): This graph represents the
percentage distribution of the saturated vs unsaturated aliphatic
hydrocarbons, by carbon number, with respect to the total aliphatic
hydrocarbon peak area. At each carbon's number, the right hand bar
represents the intensity of the saturated hydrocarbon.

e) Saturated vs Olefinic Hydrocarbons (2): This graph represents the
percentage distribution of the saturated vs unsaturated aliphatic
hydrocarbons, by carbon number, with respect to the total measured
hydrocarbon peak area. At each carbon number, the right hand bar
represents the intensity of the saturated hydrocarbon.

f) Aromatic Hydrocarbon Distribution (1): This graph represents the
percentage distribution of the aromatic hydrocarbons, by carbon number,
with respect to the total aromatic hydrocarbon peak area. .

g) Aromatic Hydrocarbon Distribution (2): This graph represents the
percentage distribution of the aromatic hydrocarbons, by carbon number,
with respect to the total measured hydrocarbon peak area.

When reviewing the data, please keep in mind that all compound identification was
carried out with the assumption that the pyrolysis process was conducted in an oxygen
free environment. That is, the assumption was made that there is no oxygen in any of
the compounds. Also, inspection of the mass spectrum of each compound did not
indicate the presence of any chlorine containing species.

If you have any questions concerning the enclosed data, please do not hesitate
to contact me. Also, we thank you for choosing the Montana State University Mass
Spectrometry Facility for conducting this analysis. If we can be of further assistance to
you in the future, please fsel free to call upon us.

Best ards,

b

Dr. Joe Sears
ecl
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DATA SUMMARY
Total Aliphatic Hydrocarbon Peak Area 9.68E+10
Total Aromatic Hydrocarbon Peak Area 6.65E+10
Total Hydrocarbons Peak Area 1.63E+11

(All Peak Areas Measured Valley-to-Valley)

! Measured Total lon Current Area
Method 1 Method 2
(1o baseline) Vv -V
2.61E+11 1.15E+1! (scan 1-2000)
4.76E+10 (scan 2000-4000)
2.04E+10 (scan 4000-6000)
2.03E+09 (scan 6000-7200)
Total Ion Current
2.61E+11 1.85E+11
Percent Peak Area Accounted For
62.48 33.14
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Gas Chromatography / Mass Spectrometry Analysis

Sample Origination: Conrad Industries Inc. / Dr. Kyle Strode
Sample Received: November 21, 1993 ’ ’

Sample Analyzed: November 22, 1993 / Dr. Joe Sears

Data Reduction Completed: January 5, 1994
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ALIPHATIC HYDROCARBONS
Carbon No. Scan No. Peak Area % Aliphatics % of Total
4.1 144 9.05E+08 0.93 0.55
4.1 148 1.40E+08 0.14 0.09
4.1 150 6.17E+07 0.06 0.04
5.1 156 1.31E+08 0.14 0.08
5.1 158 4.35E+07 0.04 0.03
52 163 5.85E+07 0.06 0.04
52 165 4.31E+07 0.04 0.03
5.4 168 4.95E+08 0.51 0.30
5.1 170 5.62E+08 0.58 034
5.0 172 6.37E+08 0.66 0.39
5.0 174 7.41E+08 0.73 0.44
5.1 176 5.34E+08 0.55 033
5.1 178 3.71E+08 0.38 0.23
5.1 183 5.87E+08 0.61 0.36
52 186 2.40E+08 0.25 0.15
5.1 190 3.38E+08 0.35 0.21
52 193 3.90E+08 0.40 0.24
52 203 2.63E+08 0.27 0.16
52 .~ 205 3.38E408 0.35 02t
5.1 210 2.35E+07 0.02 0.01
6.0 216 1.91E+08 0.20 0.12
6.1 220 1.45E+08 0.15 0.09
6.2 223 1.80E+07 0.02 0.0t
6.1 236 1.81E+09 1.87 1.1t
6.1 238 1.27E+09 1.31 0.78
6.2 243 3.35E+07 0.03 0.02
6.0 247 3.29E+08 0.34 0.20
6.0 250 2.16E+08 0.22 0.13
6.1 253 2.35E+08 0.24 0.14
6.2 257 4.98E+08 0.51 0.30
6.1 264 1.65E+08 0.17 0.10
6.2 273 1.06E+08 0.1 0.06
6.1 279 2.13E+08 0.22 0.13
6.1 282 1.15E+08 0.12 0.07
6.2 288 1.96E+08 0.20 0.12
63 291 4.77E+08 0.49 0.29
6.2 293 4.63E+08 0.48 0.28
6.3 296 4.55E+08 0.47 0.28
7.1 310 1.77E+08 0.18 0.11
72 323 1.27E+08 0.13 0.08
72 325 6.99E+07 0.07 0.04
7.1 329 6.49E+07 0.07 0.04
6.3 333 1.17E+08 0.12 0.07
6.3 336 3.62E+08 0.37 0.22
6.3 338 3.13E+08 0.32 0.19
7.1 345 6.84E+06 0.0t 0.00
7.1 348 9.07E+06 0.01 0.0t
6.2 354 1.44E+07 0.0t 0.01
62 358 S.15E+08 0.53 0.32
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62 360 3.93E+08 0.41 0.24
72 364 6.4SE+07 0.07 0.04
7.1 374 1.10E+07 0.01 0.01
7.1 385 1.73E+08 0.18 0.t1
7.1 395 2.43E+09 2.51 1.49
72 402 2.80E+07 0.03 0.02
12 412 8.56E+07 0.09 0.05
7.2 415 3.36E+08 0.35 0.21
70 418 8.49E+08 0.88 0.52
7.0 421 4,79E+08 0.49 0.29
72 427 1.22E+08 0.3 0.07
7.1 430 7.79E+07 0.08 0.05
; 72 436 7.27E+07 0.08 0.04
; 12 446 2.27E+08 0.23 0.14
; 72 448 1.49E+08 0.15 0.09
! 7.1 455 3.18E+08 0.33 0.19
i 7.1 457 2.49E+08 0.26 .15
: 7.1 .484 3.58E+07 0.04 0.02
72 490 2.99E+08 0.31 0.18
73 495 431E+08 0.45 0.26
8.1 564 4.80E+08 0.50 0.29
72 571 2.41E+07 0.02 0.0t
72 575 4.79E+08 0.49 0.29
73 579 1.43E+08 0.15 0.09
73 588 5.41E+08 0.56 0.33
8.0 590 7.13E+08 0.74 0.44
62 593 2.45E+08 0.25 0.15
8.1 603 5.71E+07 0.06 0.03
‘ 8.2 606 4.50E+07 0.05 0.03
g 8.2 612 1.02E+08 0.10 0.06
8.1 633 5.09E+07 0.05 0.03
; 8.1 651 2.33E+09 2.41 1.43
8.1 656 3.13E+07 0.03 0.02
g 8.2 660 2.05E+08 0.21 0.13
| 8.2 664 7.31E407 0.08 0.04
i 8.1 674 1.39E+08 0.14 0.09
i 8.0 683 1.07E+09 1.10 0.65
§ 8.1 692 1.92E+08 0.20 0.12
| 9.1 699 2.23E+08 0.23 0.14
! 82 715 1.31E+08 0.14 0.08
; 82 724 1.60E+08 0.16 0.10
‘t 8.2 732 5.72E+07 0.06 0.04
8.2 740 1.06E+08 0.11 0.06
8.3 751 7.36E+07 0.08 0.05
9.1 762 3.92E+08 0.40 0.24
9.1 814 6.03E+09 6.2 3.69
9.1 845 3.65E+08 0.38 0.22
72 872 1.68E+(08 0.17 0.10
9.4 952 1.06E+08 0.11 0.06
9.1 974 2.31E+09 2.39 1.41
10.1 983 4,18E+08 043 | 0.26
9.0 1006 1.02E+09 1.05 0.62
9.1 1015 1.87E+07 0.02 0.01
9.2 1039 1.78E+08 0.18 0.11
9.3 1043 4.47E+07 0.05 0.03
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9.2 1057 6.64E+07 0.07 0.04
9.2 1063 3.79E+07 0.04 0.02
9.1 1079 7.05E+07 0.07 0.04
9.2 1135 7.18E+07 0.07 0.04
92 1166 7.99E+07 0.08 0.05
10.1 1187 1.45E+07 0.0l 0.0t
10.1 1235 1.53E+08 0.16 0.09
10.1 1272 1.23E+08 0.13 0.08
10.1 1303 2.92E+09 3.01L 1.78
11.1 1315 2.834E+08 0.29 0.17
10.0 1339 1.07E+09 1.10 0.65
10.1 1344 9.01E+07 0.09 0.06
11.0 1372 321E+08 0.33 0.20
11.0 1385 3.02E+08 0.31 0.19
11.1 1434 3.62E+07 0.04 0.02
11.1 1506 5.29E+07 0.05 0.03
12.1 1592 5.20E+08 0.54 032
12.1 1605 3.86E+08 0.40 0.24
11.1 1620 7.85E+08 0.81 0.48
11.1 1629 2.07E+09 2.14 1.27
11.0 1663 1.23E+09 1.27 0.75
11.1 1666 1.70E+08 0.18 0.10
112 1716 9.00E+07 0.09 0.06
13.2 1818 1.09E+08 0.11 0.07
12.2 1884 1.88E+08 0.19 0.11
142 1892 9.86E+07 0.10 0.06
12.1 1902 3.05E+08 0.32 0.19
12.1 1916 1.15E+08 0.12 0.07
12.1 1943 2.17E+09 224 1.33
12.1 1949 4. 71E+07 0.05 0.03
12.0 1975 1.33E+09 1.37 0.81
13.2 2195 9.18E+07 0.09 0.06
14.1 2203 2.87E+08 0.30 0.18
13.1 2241 1.87E+09 1.93 1.14
13.0 2272 1.11E+09 1.14 0.68
7717MM 2291 9.34E+08 0.96 0.57
15.1 2312 1.99E+08 0.21 0.12
15.1 2338 3.78E+08 0.39 0.23
16.1 2418 1.15E+08 0.12 0.07
nnmm 2452 2.35E+08 0.24 0.14
142 2488 3.35E+08 0.35 0.21
14.1 2523 2.09E+09 2.15 1.28
14.0 2551 8.00E+08 0.83 0.49
nnmm 2651 1.70E+08 0.18 0.10
15.2 2754 2.70E+08 0.28 0.17
15.1 2766 7.06E+07 0.07 0.04
15.1 2788 1.31E+09 1.35 0.80
15.0 2815 1.07E+09 1.10 0.65
18.1 2878 1.25E+08 0.13 0.08
18.1 2903 1.34E+08 0.14 0.08
18.1 2947 1.39E+08 0.14 0.09
16.2 3007 2.02E+08 0.2t 0.12
16.1 3017 5.10E+07 0.05 0.03
16.1 3040 1.50E+09 1.55 0.92
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CarbogNo, = _ScagNo. _Peak Area % Aliphatics Zof Total
16.0 3065 9.79E+08 1.0t 0.60
16.1 3089 2.80E+07 0.03 0.02
17.2 3249 2.54E+08 0.26 0.16
17.1 3277 1L.21E+09 1.25 0.74
17.0 3300 9.11E+08 0.94 0.56
17.0 3317 1.34E+08 0.14 0.08
17.1 3325 4.86E+07 0.05 0.03
21.1 3394 1.99E+08 0.21 0.12
21.1 3459 1.32E+08 0.14 0.08
182 3476 2.26E+08 0.23 0.14
18.1 3502 1.30E+09 1.34 0.79
18.0 3524 9.6TE+08 1.00 0.59
211 3535 6.08E+07 0.06 0.04
18.0 3549 8.47E+07 0.09 0.05
192 3692 1.96E+08 0.20 0.12
19.1 3717 1.18E+09 1.22 0.72
19.0 3737 8.07E+08 0.83 0.49
24.1 3857 1.03E+08 0.11 0.06
20.2 3898 1.27E+08 0.13 0.08
: 20.1 3921 8.90E+08 0.92 0.54
: 20.0 3940 8.86E+08 0.92 0.54
: 777777 3949 4.50E+07 0.05 0.03
; 252 4001 8.13E+07 0.08 0.05
: 212 4096 1.87E+08 0.19 0.11
| 21.1 4118 9.17E+08 0.95 0.56
‘ 21.0 4135 8.74E+08 0.90 0.54
2297972 4266 4.01E+07 0.04 0.02
nnNmMm 4275 9.27E+07 0.10 0.06
: 212 4284 2.33E+08 0.24 0.14
i 22.1 4303 8.73E+08 0.90 0.53
: 22,0 4321 8.32E+08 0.86 0.51
; 28.2 4410 8.50E+07 0.09 0.05
; 232 4466 1.19E+08 0.12 0.07
! 23.1 4485 7.56E+08 0.78 0.46
5 23.0 4501 6.76E+08 0.70 0.41
; 242 4640 9.28E+07 0.10 0.06
: 24.1 4657 7.54E+08 0.78 0.46
i 24.0 4672 6.86E+08 0.71 0.42
| 24.1 4697 7.09E+07 0.07 0.04
: 71777 4782 5.20E+07 0.05 0.03
252 4807 9.65E+07 0.10 0.06
25.1 4323 6.05E+08 0.62 0.37
25.0 4837 6.12E+08 0.63 0.37
25.1 4863 2.42E+07 0.03 0.01
262 4967 5.93E+07 0.06 0.04
26.1 4983 5.09E+08 0.53 0.31
26.0 4996 6.13E+08 0.63 0.37
262 5008 4.73E+07 0.05 0.03
212 5122 9.32E+07 0.10 0.06
27.1 5136 4.51E+08 0.47 0.28
27.0 5149 5.00E+08 0.52 0.31
: 0.00 0.00
282 5271 8.73E+07 0.09 0.05
28.1 5285 3.56E+08 0.37 0.22
I
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Advanced Recycling of Plastics

ALIPHATIC HYDROCARBONS
i LaboaNo, ScapNo, Peak Area % Aliphatics Zof Total
! 28.0 5297 4.67TE+08 0.48 0.29
‘ 28.1 5331 3.79E+07 0.04 ©0.02
292 5415 4.06E+07 0.04 0.02
29.1 5427 3.04E+08 0.31 0.19
29.0 5439 4,82E+08 0.50 0.29
30.2 5555 3.38E+07 0.03 0.02
30.1 5566 2.27E+08 0.23 0.14
30.0 5577 3.56E+08 0.37 0.22
31.2 5690 1.39E+07 0.01 0.01
3L 5700 1.83E+08 0.19 0.11
310 5710 3.08E+08 0.32 0.19
322 5821 1.71E+07 0.02 0.01
321 5830 1.75E+08 0.18 0.11
320 5840 2.83E+08 0.29 0.17
33.1 5957 1.40E+08 0.14 0.09
33.0 5966 3.03E+08 0.31 0.19
34.1 6080 1.35E+08 0.14 0.08
34.0 6088 2.86E+08 0.30 0.18
35.1 6204 - 1.18E+08 0.12 0.07
35.0 6213 2.44E+08 0.25 0.15
36.1 6340 8.34E+07 0.09 0.05
36.0 6349 1.71E+08 0.18 0.10
371 6490 4.50E+07 0.05 0.03
370 6501 6.91E+07 0.07 0.04
38.1 6663 2.70E+07 0.03 0.02
38.0 6674 5.87E+07 0.06 0.04
39.0 6875 4.82E+07 0.05 0.03
40.0 7107 3.24E+07 0.03 0.02
Total Aliphatic Hydrocarbon Peak Area 9.68E+10 100.00 ‘ 59.28

NR
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Appendices

AROMATIC HYDROCARBONS
JForpula -Mass Scan No, Peak Area 2. Aromatics % of Total
C6H6 - Benzeoe 318 3.47E+09 5.21 2.12
C7H8 - Toluepe 560 9.51E+09 14,30 5.82
C8H10 - 106 836 6.03E+09 9.06 3.69
C8HI0 - 106 856 1.81E+09 272 1.1t
C8HS -104 940 1.60E+10 24,04 9.79
C8H10 -106 943 5.40E+08 0.81 0.33
C9HI2 -120 1033 8.31E+08 1.25 0.51
C8HI10 -106 1083 1.11E+08 0.17 0.07
C9HI0 -118 1093 6.19E+08 0.93 0.38
C9H12 120 1127 8.40E+08 1.26 0.51
C9HI2 -120 1152 2.79E+08 0.42 0.17
; C9HI12 -120 1156 1.66E+08 0.25 0.10
C9H12 -120 1176 1.72E+08 0.26 0.11
C9HI0 - 118 1220 3.93E+08 0.59 0.24
! C9H10 -118 1243 2.95E+08 0.44 0.18
C9H10 -118 1253 3.35E+08 0.50 0.21
C9HI2 -120 1255 7.80E+08 1.17 0.48
C9H10 -118 1262 2.08E+08 0.31 0.13
C10H14 - 134 1310 1.05E+08 0.16 0.06
CI0HI4 - 134 1319 1.96E+08 0.30 0.12
C10HI14 -134 1349 1.38E+08 0.21 0.08
Cl0HI2 -132 1358 8.04E+08 1.21 0.49
ClOH14 - 134 1365 8.16E+07 0.12 0.05
C9H10 - 118 1379 1.73E+08 0.26 0.11
C9H8 -116 1402 1.19E+09 1.79 0.73
CIOHI2 - 132 1413 1.65E+08 0.25 0.10
CIOHI2 -132 1420 5.37E+07 0.08 0.03
C9H12 -120 1430 5.46E+07 0.08 0.03
CI0HI4 - 134 1442 4.33E+07 0.07 0.03
C10HI4 -134 1448 7.62E+07 0.11 0.05
CI0HI2 -132 1462 5.04E+08 0.76 0.31
CI0H14 -134 1466 3.71E+08 0.56 0.23
CI10H14 -134 1472 5.08E+07 0.08 0.03
CI0H1Z -132 1494 1.72E+08 0.26 0.11
CI0HI2 -132 1513 3.19E+07 0.05 0.02
CIO0HLO -130 1523 1.50E+08 0.22 0.09
C10H14 - 134 1530 2.66E+08 0.40 0.16
C10H14 -134 1535 1.92E+08 0.29 0.12
CIOHI2 -132 1545 2.46E+08 0.37 0.15
CI0HI4 - 134 1554 6.34E+07 0.10 0.04
C11H16 - 148 1563 1.35E+08 0.20 0.08
Cl1H14 - 146 1571 1.09E+08 0.16 0.07
CliHl4 - 146 1577 8.12E+06 0.01 0.00
CliHl4 - 146 1586 3.09E+08 0.47 0.19
CI0HI2 -132 1588 1.35E+08 0.20 0.0%
CIOHI2 -132 1647 9.31EH)7 0.14 0.06
CIOHI2 - 132 1675 2.22E+08 0.33 0.14
CI0HI2 -132 1681 4.10E+07 0.06 0.03
CI0Hi2 -132 1692 7.96E+07 0.12 0.05°
Cl1H14 . 146 1728 8.79E+07 0.13 0.05
C10H10 -130 1741 6.54E+08 0.98 0.40
Cl10H8 - 128 1750 4.03E+07 0.06 0.02
CI0H10 - 130 1756 5.45E+08 0.82 0.33
CI0HI0 -130 1759 2.61E+08 0.39 0.16
CI10H10 - 130 1770 1.53E+08 0.23 0.09
cONR4,, 113
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Advanced Recycling of Plastics

AROMATIC HYDROCARBONS
Komula -Mass = ScanNo. -Peak Areg Z_Aromatics. ZofTotal
CI10H14 -134 1779 5.36E+08 0.81 033
Cl1HI4 - 146 1792 1.49E+08 0.22 0.09
CI0H8 -128 1842 2.64E+09 3.98 1.62
Cl1H14 -146 1860 6.82E+07 0.10 0.04
ClIHI2 -144 1870 1.08E+08 0.16 0.07
Cl1H14 - 146 1984 5.9TE+07 0.09 0.04
Cl1H10 -142 2174 7.11E+08 1.07 0.44
ClIHI2 - 144 2191 1.04E+08 0.16 0.06
C11HIO - 142 2218 1.23E+09 1.85 0.75
CI3H20 -176 2286 3.36E+08 0.50 0.2t
CI2HIO -154 2409 7.52E+08 1.13 0.46
CI2HI2 -156 2454 2.40E+09 3.61 1.47
CI2HI2 -156 2458 1.58E+08 0.24 0.10
CI3HI2 -168 2469 1.30E+08 0.20 0.08
CI2HI2 -156 2484 2.31E+08 0.42 0.47
CI2HI2 -156 2533 2.62E+08 0.39 0.16
CI2HI2 -156 2541 1.93E+08 0.29 0.12
C13HI2 -168 2547 5.83E+08 0.88 0.36
CI2HI2 -156 2577 3.74E+07 0.06 0.02
CI2HI0 -154 2584 1.89E+08 0.28 0.12
CI13HI2 -168 2693 1.55E+08 0.23 0.10
CI3HI2 -168 2714 1.39E+08 0.21 0.09
Cl4H14 -182 2781 4.38E+08 0.73 0.30
CI3HI0 - 166 2932 1.81E+08 0.27 0.11
CI4H12 - 180 2986 6.94E+07 0.10 0.04
_CI5HI6 -196 3116 8.21E+08 1.23 0.50
CISH14 - 194 3144 3.98E+07 0.06 0.02
Cl4H12 - 180 3214 5.20E+07 0.08 0.03
Cl4HI2 - 180 3227 7.32E+07 0.11 0.04
Cl4HI2 -180 3234 1.25E+08 0.19 0.08
CISHI2 -1%2 3288 8.31E+07 0.12 0.05
CISHI2 -192 3363 4.09E+07 0.06 0.03
C14H10 -178 3387 3.88E+08 0.58 0.24
CI4HIO -178 3408 5.20E+07 0.08 0.03
CI6HI2 -204 3554 3.28E+08 0.49 0.20
CISHI2 -192 3573 1.25E+08 0.19 0.08
CI5HI2 -192 3641 1.12E+08 0.17 0.07
CISHI2 -192 3651 1.40E+08 0.21 0.09
CISHI2 - 192 3688 9.12E+07 0.14 0.06
Cl6HI2 -204 3794 4.26E+08 0.64 026
CI6HI0 -202 3967 1.19E+08 0.18 0.07
CI7HI4 -218 4051 1.13E+08 0.17 0.07
CI6HI0 -202 4065 2.16E+08 0.33 0.13
CITHI4 -218 4104 5.77E+07 0.09 0.04
Cl4H14 - 182 4139 1.01E+08 0.15 0.06
Cl4H14 -182 4208 3.52E+07 0.05 0.02
Cl4HI2 -180 4254 8.10E+07 0.12 0.05
C23H26 77 - 302 472 4.21E+07 0.06 0.03
CIgHI2 -228 4666 2.08E+08
CI8HI2 -228 4681 3.98E+07 0.06 0.02
C24H24 77 - 312 5093 3.19E+07 0.05 0.02
C24H18 77 - 306 5403 2.05E+08 0.31 0.13
777 414 5734 2.22E+07 0.03 0.01
Total Aromatic Hydrocarbon Peak Area 6.65E+10 100.00 40.59

114

ONR4,,
INDUSTRIES, IC.



AROMATIC HYDROCARBONS

C6H6 - Benzepe 318 2.12 Benzene

C7H8 - Toluene 560 5.82 Toluene

C8H10 -106 836 3.69 Benzene, Ethyl-

C8HI0 -106 856 L1l Kylene, mp-

C8H8 - 104 940 9.79 Styrene

C8HI0 -106 943 0.33 Kylene, o-

C9H12 -120 1033 0.51 Benzene, C3.0 substituted
C8H10 -106 1083 0.07 77 Cyclopentadiene, C3 substituted
C9H10 -118 1093 0.38 Benzene, C3.1 substituted
C9HI2 -120 1127 0.51 Benzene, C3.0 substituted
C9H12 -120 1152 0.17 Benzene, C3.0 substituted
C9H12 -120 1156 0.10 Benzene, C3.0 substituted
C9HI2 -120 1176 0.11 Benzene, C3.0 substituted
C9H10 -118 1220 0.24 Benzene, C3.1 substituted
C9H10 -118 1243 0.18 Benzenpe, C3.1 substituted
C9HI0 -118 1253 0.21 Benzene, C3.1 substituted
CoH12 -120 1255 0.48 Benzeane, C3.0 substituted
C9H10 -118 1262 0.13 Benzene, C3.1 substituted
C10H14 -134 1310 0.06 Benzene, C4.0 substituted
CI0H14 - 134 1319 0.12 Benzene, C4.0 substituted
C10H14 -134 1349 0.08 Benzene, C4.0 substituted
C10H12 -132 1358 0.49 Benzene, C4.1 substituted
CI10H14 - 134 1365 0.05 Benzene, C4.0 substituted
COHIO -118 1379 0.11 Benzene, C3.1 substituted
COH8 - 116 1402 0.73 Indene, 1H- or Benzene, 1-Propynyl-
Cl10H12 -132 1413 0.10 Benzene, C4.1 substituted
Cl10H12 -132 1420 0.03 Benzene, C4.1 substituted
C9H12 -120 1430 0.03 Benzene, C3.0 substituted
Cl0H14 - 134 1442 0.03 Benzene, C4.0 substituted
CI0HI4 - 134 1448 0.05 Benzene, C4.0 substituted
C10H12 -132 1462 0.31 Benzene, C4.1 substituted
CI10H14 -134 1466 0.23 Benzene, C4.0 substituted
CiQH14 - 134 1472 0.03 Benzene, C4.0 substituted
CI0HI2 -132 1494 0.11 Benzene, C4.1 substituted
CI0H12 -132 1513 0.02 Benzene, C4.1 substituted
CI10H10 -130 1523 0.09 7 Indene, 1H-Methy!-
CI0HI4 - 134 1530 0.16 Benzene, C4.0 substituted
CI10Hi4 -134 1535 0.12 Benzene, C4.0 substituted
CI10H12 -132 1545 0.15 Benzene, C4.1 substituted
C10Hi4 -134 1554 0.04 Benzene, C4.0 substituted
Cl11H16 - 148 1563 0.08

CliHl4 . 146 1571 0.07

Cl1H14 - 146 1577 . 0.00

CllH14 -146 1586 0.19

CI0HI2 -132 1588 0.08 Benzege, C4.1 substituted
Cl10H12 -132 1647 0.06 Benzene, C4.1 substituted
CI0HI2 -132 1675 0.14 Beazene, C4.1 substituted
Cl10H12 -132 1681 0.03 Benzene, C4.1 substituted
C10H12 -132 1692 0.05 Beazene, C4.1 substituted
Cil1H14 . 146 1728 0.05

CI10HI0 - 130 1741 0.40 ? Indene, 1H-Methyl-
Ci10H8 -128 1750 0.02 Azulene

CI10HI0 - 130 1756 0.33 ? Indene, 1H-Methyl-
CI10HI0 - 130 1759 0.16 7 Indepe, 1H-Methyl-
CI10HI0 - 130 1770 0.09 7 Indepe, 1H-Methyl-

Appendices
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Advanced Recycling of Plastics

AROMATIC HYDROCARBONS

JLormula -Mass ScagNo. Jeof Total
C10H14 - 134 1779 0.33
Cl1H14 - 146 1792 0.09
CilOH8 -128 1842 1.62
Cl1HI4 - 146 1360 0.04
ClIH12 -144 1870 0.07
Cl1H14 - 146 1984 0.04
ClIHI0 -142 2174 0.44
ClIHI2 - 144 2191 0.06
CL1H{0 - 142 2218 0.75
C13H20 -176 2286 0.21
CI12HI0 - 154 2409 0.46
CI12H12 - 156 2454 1.47
CI2HI2 . 156 2458 0.10
CI3H12 -168 2465 0.08
CI12H12 - 156 2484 0.17
CI2HI2 -156 2533 0.16
CI2HI2 - 156 2541 0.12
CI13H12 - 168 2547 0.36
C12H12 - 156 2577 0.02
CI2HI0 -154 2584 0.12
CI3H12 - 168 2693 0.10
Cl13HI2 -168 2714 0.09
Cl4H14 -182 2781 0.30
CI13H10 - 166 2932 0.11
Cl4H12 - 180 2986 0.04
Cl5H16 - 196 3116 0.50
CI5HI4 - 194 3144 0.02
Cl4H12 -180 3214 0.03
Cl4HI2 -180 3227 0.04
Cl4HI12 - 180 3234 0.08
ClisH12 -192 3288 0.05
CiSHi2 -152 3363 0.03
Cl4H10 - 178 3387 0.24
C14H10 -178 3408 0.03
Cl6H12 -204 3554 0.20
CISHi2 -192 3573 0.08
CISH12 -192 3641 0.07
Ci5H12 -192 3651 0.09
Cl5H12 -192 3688 0.06
Cl6HI2 -204 3794 0.26
Ci6H10 -202 3967 0.07
Cl7H14 -218 4051 0.07
Cl6HIO -202 4065 0.13
C17TH14 -218 4104 0.0¢
Cl4H14 -182 4139 0.06
Cl4H14 - 182 4208 0.02
C14Hi2 - 180 4254 0.05
C23H26 717-302 4472 0.03
Ci8H12 -228 4666

Cl8H12 -228 4681 0.02
C24H24177-312 5093 0.02
C24H1817-306 5403 0.13
777 -414 5734 0.01
Total Aromatic Hydrocarbon Peak Area 40.59

Naphthalene

Naphthalepe, Methyl-

Naphthalene, Methyl-
Hexyl-Toluene

Biphenyl, 1,1’

Naphthalene, C2.0 substituted
Naphthalene, C2.0 substituted
7 Biphenyl, Methyl-
Naphthalene, C2.0 substituted
Naphthalene, C2.0 substituted
Naphthalene, C2.0 substituted
Biphenyl, Methyl-
Naphthalene, C2.0 substituted
Acenaphthylene

Bipbenyl!, Methyl-

Biphenyl, Methy!-

Bipbenyl, C2.0 substituted
Fluorene, 9H-

7 Phepanthrene, Dihydro-

? Benzeae, 1,1°-(1,3-Propanediyi)Bis-

? Phepanthrene, Dihydro-
7 Phepanthrene, Dihydro-
? Phenanthrene, Dihydro-

Phenanthrene
Anthracene
? Naphthalene, Phenyl-

7 Naphthalene, Phenyl-

7 Naphbthacene
? Chrysene
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Advanced Recycling of Plastics

SOUTHWEST RESEARCH INSTITUTE

6220 CULEBRAROAD o POST QFFICE DRAWER 28510 @ SAN ANTONIQ, TEXAS, USA 78228.0510 & (210)884-5111 @ TELEX 244348

Chemistry and Chemical Engineering Division
Department of Environmental Engineering

June 17, 1994

Conrad Industries
Analytical Laboratory
121 Melhart Road
Chehalis, WA 98532

Attendon: Dr. Kyle Strode

Subject: GC/MS Analysis Results for Post Consumer
Oil Sample C05260600.TL
SwRI Project 01-5969-013

Dear Dr. Stode:

This lerter provides the GC/MS analysis results for the subject sample. The sample was
diluted (11.1 mg/2 ml) with methylene chloride and analyzed on a J&W DB-5MS 30M
x.25 mm ID (.25 p film) capillary column. The identifications are provided on the accompanying
table and are labeled as tentative because of lack of comparison to authentic materials under
similar conditions. Also provided for your review is a copy of the chromatogram.

There is a series of peaks which appear repeatedly to the end of the chromatographic
analysis. This series consists of a small peak representing a mono unsarurated alkene followed by
a larger alkene peak of the same molecular weight and followed by the corresponding saturated
alkane of the same carbon number. This series predominates the latter part of the chromatogram
and continues to approximately C,;. These compounds, due to the repetitive nanure, from Csto
C,5 are not listed on the table.

SwRI and myself appreciate the opportunity to be of continued service to you, Conrad
Industries and the APC. Should you have questions concemning the analysis, please call me at
210/522-2119.

Sincerely,

;s A

H.G. Wheeler, Jt.

Senior Research Scientist
HGW/1p
Attachments

SAN ANTON!O, TEXAS
HOQUSTON, TEXAS @ OETROIT, MICHIGAN @ WASHINGTON. OC
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TENTATIVELY IDENTIFIED COMPOUNDS
SAMPLE CO5260600.TI.

Scan # Tentative ID Area Area %
79 butene C.H, MW=56 100616 0.84
98 pentene CsHy, MW=70 or dimethyl cyclopropane isomer 254156 2.11
135 hexene CH,, MW=84 191680 1.59
205 methyl cyclopentene CHyp MW=82 or isomer 241392 201
214 |benzene 183968 1.53
221 methyl cyclopentadiene C,H, MW=80 or hexatricne isomer 32976 0.27
230 cyclohexene Cylly MW=82 or hexadiene isomer 39760 0.33
242 heptene CH,, MW=98 or a cycloheptane isomer 148672 1.24
250 unknown MW=100 23472 0.20
KXY) toluene 938912 7.80
340 methyl cyclohexene CH,, MW=96 or isomer 120032 1.00
356 cycloheptadiene CHy MW=94 or methyl hexatriene or isomer 28856 0.24
374 octene Gl MW=112 or cyclooctane 182816 1.52
388 branched alkane C,H, Mw=l14 52656 0.44
453 branched alkene C,Hyy MW=126 102665 0.85
487 cthyl benzene 905984 7.53
492 dimethyl benzene 173840 1.44
501 dimethyl benzene 120832 1.00
543 cthenyl benzene CyHg MW=104 or cyclic isomer 3643950 30.30
557 branched alkane CyHy MWw=128 53934 0.45
595 methyl ethyl benzene CyHy, MWwW=120 88312 0.73
634 C, alkenyl benzene C,H,, MW=118 44576 0.37
648 C; alkyl benzene CyH,, MW=120 63932 053
662 methyl ethyl benzene C,H,, MW=120 76627 0.64
677 C, alkyl benzene CyH,y MW=120 16328 0.14
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TENTATIVELY IDENTIFIED COMPOUNDS o,
SAMPLE C0O5260600.TL 0:;:'
Scan # : Tentative 1D Area Area % o
091 C, alkyl benzene Colly, MWwW=120 : 16112 0.13 :3
699 methylethenyl benzene C,H,, MW=1{18 or isomer 364472 3.03 g
719 |decene CioHp MW=140 411554 3.42 =
733 |decane Cully; MW=142 46144 0.38 “
746 C, alkyl benzene CioHya MW=134 38268 0.32
778 |methyl ethenyl benzene Cllyy MW=118 or isomer 77046 | 0.64
790  |methy! ethenyl benzene CeH,, MW=118 or isomer - 34496 0.29
806 methyl ethynyl benzene CyH, MW=116 or isomer 113180 0.94
829 butyl benzene CioHe MW=134 coeluting with butenyl benzene C\H,, .
MW=132 or isomers 64090 0.53
844 alkyl benzene Colly, MW=134 36908 0.31
876 unsaturated coeluting with a C, alkyl benzene and a C, alkenyl benzene 52010 043
887 undecene CuHy, MW=154 or isomer 81763 0.68
891 undecene C, H,, MW=154 252270 2.10
904 undecane C,Hy, MW=156 63028 0.52
944 methyl propenyl benzene Cotlio MW=132 or isower 20098 0.17
982 butyny! benzene Cpllio MW=130 or isomer 69404 0.58
994 butynyl benzene CioHypo MW=130 or isomer 37933 0.32
1009 butynyl benzene CioHio MW=130 or isomer coeluting with 1-propanone,2-
methyl-1-phenyl C,(H,0 or isomer 22832 0.19
1039 naphthalene CiaHg MW=128 or isomer coeluting with C,,H,,
] MW=168 unsaturated 60464 0.50
1043 Inaphthalene CioH, Mw=128 90800 0.75
1049 {Dodecene C,lly, MW=168 or isomer 56586 0.47
1053 |Dodecene CppHy MW=168 154490 1.28
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TENTATIVELY IDENTIFIED COMPOUNDS

SAMPLE CO5260600.TL

Scan # Tentative 1D Area Atca %

1195 junknown diene 42584 | 035
1203 |tridecene C,,Hy MW=182 or isomer 40953 0.34
1208 |tridecene CpHy Mw=]82 158546 1.32
1216 |methyt naphthalene 62516 0.52
1219 [alkane Cilly MW=184 74423 0.62
1239 {methyl naphthalene 33640 0.28
1337  (biphenyt CpH,, MW=154 or isomer 40793 0.34
1341 mono unsaturated C,Hy MW=196 38396 0.32
1353 |tetradecene C.Hy MWw=196 149820 1.25
1363 jalkane C.Hy, MW=198 34887 0.29
1409  |methyl biphenyl CiH,, MW=168 13337 0.1l
1479 | mono unsaturated CisHy MW=210 30849 0.26
1490 | mono unsaturated CysHyp Mw=210 112586 0.94
1500  |alkane C,Hy, MW=212 31832 0.26
1520  |mono unsaturated alkene cocluting 9825 0.08

with methyl-9H flourene C,H MW=180 ‘

1610 |mono unsaturated Cigllsy MWw=224 27454 0.23
1620 jmono unsaturated CieHy; MWw=224 93447 0.78
1630 jalkane CieHs MWw=226 28447 0.24
1699 |benzene; (propanediyl)Bis- CisHyg MW=196 29358 0.24
1735 | mono unsaturated C,,H,, Mw=238 18192 0.15
1744 |mmono unsaturated C,;H,, Mw=238 72404 0.60
1753 lalkane CiHy MW=240 25998 022
1852 |mono unsaturated CsHsg MW=252 17978 0.15
1860  |mono unsaturated CieHig MW=252 69695 0.58
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TENTATIVELY IDENTIFIED COMPOUNDS
SAMPLE CO5260600.TL.

Scan # Tentative 1D Area - Area %
1868 |alkane CsHy MWw=254 29535 0.25
1938  |phenylmethylene indene C.Hy, MwW=204 7769 0.06
1964  |mono unsaturated CioHys MW=266 17869 0.15
1971 |mono unsaturated " CyHy MW=266 60249 0.50
1978  lalkane CyH,y, MW=268 27321 023
2063  |phenyl naphthalene CisHy, MW=204 15293 0.13
2070 | mono unsaturated CypHa Mw=280 19685 0.16
2077  |mono unsaturated CioHyg MW=280 55915 0.46
2083 latkane CuHa, MWwW=282 23485 0.20
2173 |mono unsaturated C,H,, Mw=294 17401 0.14
2179 |mono unsaturated C,H, Mw=294 44761 0.37
2185 |alkane CyHy, MW=296 23117 0.19
2271 jmono unsaturated Cullu MWw=308 12783 0.11
2277  }mono unsaturied C,H,, MWwW=308 : 38445 0.32
2282 |alkane Crtas MW=310 18700 0.16
2366 |mono unsaturated CpHye Mw=322 10786 0.09
2371 |mono unsaturated Cyully Mw=322 29616 . 0.25
2376 alkane CisHag Mw=324 18933 o.16
2457 |mono unsaturated C,Hy MWwW=336 8347 0.07
2462  |mono unsaturated C,He, MW=336 25701 0.21
2406 lalkane C, Uy, Mw=338 14813 0.12
2544  |mono unsaturated CysHy, MW=350 7130 0.06
2549 | mono unsaturated CysHyp MW=350 23826 | 0.20
2552 lalkane CysHy, MWw=352 13722 0.11
2628  mono unsiturated Cyelly; MWw=354 5835 0.05
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TENTATIVELY IDENTIFIED COMPOUNDS
SAMPLE CO5260600.T1.

Scan # Tentative D Area Area %
2632 [mono unsaturated Colly, MW=364 22257 0.18
2636 |alkane Cyellse MW=366 14101 0.12
2709 |mono unsaturated Cyitlg, MW=378 4725 0.04
2712 [mono unsaturated C,,Hy, Mw=378 16719 0.14
2716 lalkane C,;Hy Mw=380 14265 0.12
2790 |2 mono unsaturated coeluting CyHy MwW=392 18913 0.16
2793 lalkane Cpligg MW=394 11686 0.10
2865 |2 mono unsaturated cocluting CyHyg MW=406 17317 0.14
2868 falkane CyHew MW=408 11160 0.09
2903 | Quaterphenyl Colliy MW=306 3731 0.03
2938 mono unsaturateds C 4,
) MW=410 cocluting with atkanc Clle MW=422 19815 0.16
15 |mono unsaturateds ', H,,
T IMW=424 cocluting with alkane C,,H,, MW=436 15607 0.13
1098 mono unsatusateds Cy 1
MW=438 cocluting with alkane CyHe MW=454 14544 0.12
3196 mono unsatutateds Cotl,
. MW=452 cocluting with alkane C;yHeg MW=468 10368 0.09
1310 mono unsaturateds C, Hg,
o MW=466 cocluting with alkane C,Hy, MW=482 7897 0.07
3449 |'Momo unsaturateds C 1,
MW=480 cocluting with alkane C,sHy, MW=496 4334 0.04
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RIC Data: 10615402 #1 Scans 175 to 1000
06/15/94 10:48:00 Cali: 106154F01 #4

Sample: C05260600.TL 11.1MG/2ML DCM '

Conds.: 40 // 2 MIN // 6/MIN // 295

Range: G 1,3500 Label: N O, 4.0 Quan: A 0, 1.0 J O©0 Base: U 20, 3

100. 6 243 999424.
RIC |
337 487
-
214
242
374 719 - 891 .
453
302 JA 427

1 y 1 7 I 1 J y 1 i T - J T T y 1

200 300 400 500 600 700 800 900 1000 St_:an

3:20 5:00 6:40 8:20 10:00 11:40 13:20 15:00 16:40Time
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RIC Data: 10615402 #1 Scans 175 to 3500
06/15/94 10:48:00 Cali: 106154F01 #4

Sample: C05260600.TL 11.1MG/2ML DCM

Conds.: 40 // 2 MIN // 6/MIN /] 295

Range: G 1,3500 Label: N 0, 4.0 Quan: A 0, 1.0 J ©0 Base: U 20, 3

100.6 999424.

RIC

500 1000 1500 2000 2500 3000 3500 Sgan
8:20 16:40 25:00 33:20 41:40 50:00 58:20r'ime
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100.0

RIC |

RIC Data: 10615402 #1 Scans 500 to 2000
06/15/94 10:48:00 Cali: 106154F01 #4
Sample: C05260600.TL 11.1MG/2ML DCM
Conds.: 40 // 2 MIN // 6/MIN /[ 295
Range: G 1,3500 Label: N 0, 4.0 Quan: A 0, 1.0 J ©0 Base: U 20, 3
243 999424.
19
7 891
1053 1208 1353 1490 1620
595 806 1860
q T N Y A
I ' ’ K I ! T ! I ' I 1
600 800 1000 1200 1400 1600 1800 2000 Scan
10:00 13:20 16:40 20:00 23:20 26:40 30:00 33:20Time
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— & RIC Data: 10615402 #1 Scans 1000 to 3500
=0 06/15/94 10:48:00 Cali: 106154F01 #4
Sample: C05260600.TL 11.1MG/2ML DCM
Conds.: 40 // 2 MIN // 6{MIN // 295
Range: G 1,3500 Label: N 0, 4.0 OQuan: A 0, 1.0 J O Base: U 20, 3
100.Q 68608.
RIC |
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1000 1500 2000 2500 3000 3500 Scan
16:40 25:00 33:20 41:40 50:00 58:20Time
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TABLE XXXV Original APC/Conrad Industries Test Plan

Feed Rate Feed ofl Test Retain Retain
Week Run# Objective Hours Temp Consumed (pph) (1bs) Lgai) Comments Sample (gal) EL,
1 1 Polymer Shakedown 52 High  Base 300 1040 Check Operability ﬁA  N/A
| 2 Polymer Shakedown 26 | Seck Low : Base 7300 00078327 Maximize Liquid Yield - ¢ - INIATNIAGS

2 3 Polymer Shakedown 78 Low  Base 300 , 2496 Observe system behavior 5 1

3 4 Polymier Shakedown 26 . Low . Base 15007 703,900 7, 7416 % Study Rafe Effects . e I T

3 5 Polymer Shakedown 26 Low Base 300 7,800 832 Study Rate Effects 5 L

3 6 Polymer Shakedown 26 Low - .. Base 400~ " 10,400 i 1109 Study Ratc Effects .. S S §

4 7 Final Shakedown 78 Low Base Best _ 23,400 2496 Benchmark Base Run 5 _ 1

5 8 ° High LDPE - 26" High® © B+LDPE 300 . ..7,800 i ' 520" High LDPE effects at 2 temps.: S R

[ 9  High LDPE 26 Low B+ LDPE 300 7,800 832 High LDPE effects at 2 temps. , 5 1

L] 10 HighPS: 26 . High. = B+PS.. . 300 ©7,800.:7:, 520 - High PS effecty at 2 femps, ' £ P TR b

6 11 HighPS 26 Low  B+PS 300 7,800 832 High PS effects at 2 temps. 5 1

6 12 - HighPET: 26 High'  B+PET 3000 0 78000 L ANE e , I S

6 13 High PET 26 Low B+ PET 300 7800 728 Yes  § 1

7 , . Shutdown for preventative mainfenance and install caustic scrubber SR O R R S e

8 Same as "7" )

9 14 Shakedown’ 26 .Low . Base 300 ©7,800% .- 832 'Check Operability o N R

9 15 PVC Shakedown 52 High B+PVCI 300 15600 1040 N ~ No '

10 16 PVC-1 26 - Higho . B+PVCl 300 7,800 520 "Low PVCBlend Study. 0" Yes o S r b

10 17 PVC-1 26 Low B +PVC1 300 7,800 832 Low PVC Blend Study Yes 5 1

10 18 PVC-1 " 26 Low B+ PVC1 400 10,400 7 1109 LowPVCBlend Study” . ' Yes EEE SR B

1 19 PVC-2 26 High B +PVC2 300 7,800 489 High PVC Study Yes s 1

11 20 PVC-2 26 Low B+ PVC2 300 - 7,800 780 " High PVC Study Yes - 5 1

I 21 Purge Run 26 Low Base 300 7,800 832 Purge System No N/A N/A

12 22 Reserve for Extra Runs 26 ? ? 300 7,800 832 Yes . S SR 1

12 23 Reserve for Extra Runs 26 ? ? 300 7,800 832 Yes 5 1

12 24 Reserve for Extra Runs 26 ? ? 300 7,800 . . 832 o Yes . 5 1

13 25  Synthetic PCP Run 26 Tune ? Vary 7,800 520 Simulate Ist PCP composition Yes 5 1

13 26  Synthetic PCP Run 2 Best 7. . Best’ v 15600 01664 © . SR R Yes - urs L1

14 ——  Shutdown for Prvnt. Maint. NA  NA N/A NA NA NA  NA NA  NA NA

15 27 - 15t PCP Feed- 26  Tune: . PCPI Vary 07,800 7071520 Runist (low PVC)PCP feed . Yes - SREE B

15 28 1st PCP Feed 52 Best PCP1 Best 15,600 1664 Yes 5 1

16 29 - 20d PCP Feed 26 Tune PCP2 Vary 7,800 520 Run 2nd (High PVC) PCP Feed Yes 5 1

16 2nd PCP Feed 52 Best PCP2 Best 15,600 1664 Yes 5 1
17-24 Contingency ' R '
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Appendices

Table XXXVI Material balance and yield data

RUN PRODUCTION DATA (lbs) CALCULATED YIELDS! (wt %) NORMALIZED YIELDS (%)
# FEED LIQUID* COR.GAS’ CARBON LIQUID GAS CARBON TOTAL LIQUID GAS CARBON TOTAL
11 4059 2876 t 708 255 963 73T 263 100
T2y P 6368 4259 . 2156 o 0669 02339 L C100 L 66T 3 100
13 6703 454 2080 ) . 613 3t 9% 617 323 100
T4 5943 oUas3L o 13I8 R 83y T 1) B X T/ X . 100 .
15 6844 4664 un 61 111 86 80.2 19.8 100
16 0 4331 3653 7: 7 1344 ot 0843 i3t L RONE « S - 100
174 1983 1235 623 317 100 62 33 100
CUTB L2 1698 ‘8027198 T 100 800020 U100 0
18A 1433 513 358 612 100 36 61 100
CS18B.. . 1805 946 2.4 U476 Y AN 1100
18C 1964 1504 100

76.6 23.4
CISAT . 2484 4 4S8
19 146 65t 45 55
LI19CI 5289 . 4342 82.1 78
20 1342 432 322 668
T2IA - U1132 396 O3S el
21B 1003 632 ] 63 29.1
210 11024 L 8097 243

. A9 L T
22 933 N/A 4528 L. 514 486

SR B2
e gt Bl e e g

coofhfooFoofiooe

o CoORm OO WOBWOORO0 OO o0
g
Qodoki~mdowocwoooooooO

w

>
;_1” .
8

AL S48 34 100 4

w6
Eopoy

coopodo)

sisels
cocoocoaoao oo
8

32 e840 4199

36 3074 1189 1427
A7 8392 2384 002506
38 1550 3% 973
CI39 L 4S1E 2038 2043
40 5607 2571 3415
4L 1928 1285 5 088

B ISP

609 1.6 1068 43
C9RE NI 954 T 10
434 NA 100 566
©462 . UNIACET, 1007838 462
39.4 N/A 97.6  59.6
303 NA 954 68.2

42 _
43°° 71832 98 Ui R4T . o
44 10927 6357 4300
45
46

o4

493 163 756

(=}

47 4356 1992 1612

-

414 sL1 WA 1017 493 50.2 100
434 56.6 N/A 100 434 56.6 0 100
91.7 34 Q.9 96 94.5 3.5 0.9 100
93.9 6.1 NA 100 94 6 100
60.2 39.8 N/A 100 60.2 39.8 100

328 .7 65 - 22 - 100 328 . 65 .22 100
56.2 36.9 N/A 9.1 604 39.6 0 100
79.4 o224 .03 0 L1021 778219 - 03 100
34.2 54.7 N/A 102 33.5 53.6 12.8 100
- 49 - $1 N/A - 100 49 51 100
63 40 N/A 103 61.2 33.8 100

; 62 45 - NIA 107 519 421 100

60 3645 2151 1434 59 39.3 N/A 93 60.2 393 100

6t 7535 4636 3538 57.9 47 NA 1049 552 448 100

62 (Aborted) N/A

63 3767 951 2596 30.6 689 N/A 99.5 10.8 69.2

64 2361 406 2101 17.2 89 N/A 1062 162 838

49 3212 1394 1818

50 8173 7495 280

51 2653 4R 161

52 3030 1823 1207

$3. 04833 . 1488 - i e
54 L 3359 2042
55 4365 3468 0 QTT
56 4379 1496 2396

57 448 NA T 230
S8 4042 2522 1028

s - 1778 1106 C9t

DegReede
°o o

W
+es e

OO0

(=1

100
100

<+
(=1
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RUN PRODUCTION DATA (lbs) CALCULATED YIELDS' (wt %) NORMALIZED YIELDS (%)

#  FEED LIQUID’ COR.GAS’ CARBON LIQUID GAS CARBON TOTAL LIQUID GAS CARBON TOTAL
TESA - 4293 ¢ - 2612 -5 1814 k3 603 - - 423 N/A 103.1 59 4 - 0 . 100
65B 1057 636 414 * 60.1 39.2 N/A 99.3 60.5 395 - 0 100

e (39600 1373 00 2863 10 ¢ 34.7 723 N/A 107 324 6.6 R 100

67 5940 5199 . 2316 * 87.5 39 N/A 126.5 69.2 30.8 0 100
D68 4936 3176 1516 .. ¥ 64 36 WA 96 61.1 329 0 100
69  (Aborted) .
70 6808 3679 3836 .. 54 0519 NA 1059 51 49 0 100
n 1039 686 L7/ 4 66 363 N/A 102.3 64.5 355 0’ 100
92 1018 615 340 7605 7 338 ~NIA ‘94 64.4 35.6 ¢ 100
73 1143 728 429 * 63.6 375 N/A 10L.1 62.9 371 0 100
15 2612 865 1839 * 33.1 70.4 N/A 103.5 32 68 0 100
CUT6A 747 382 U398 o 17 CSL1 528 23 106.2 48.1 49.7 22 100
76B 1135 754 354 39 66.4 31.2 3.4 101 65.7 30.9 3.4 100
1 Waxes collected in carbon system were combined with actual liquids collected to give total liquids
2 Including waxes
3 Gas production corrected for the presence of nitrogen (added as a sweep gas)
B Oil yicld calculated by difference duc to lack of operating data.
t Gas meter was non-functional, therefore, gas yield calculated by difference.
¢ Collected solids were an unknown mixture of spent lime and carbon
cONR4,)
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TABLE XXXVII Run Classifications

84!

Hours of .
Run # Dates Run Classification Feedstock Objective Results and Comments
Operation
1 5/5/93  shakedownvabort 4 base demonstrate bility Run aborted due to too much partially converted plastic plugging carbon outfeed
F SCTEW CONVEYOr.
2 $/6/93  shakedown/abort 7 base prove ity ngher furnace temperature (1450°F) and lower feed rate resulted in smooth
" operahion
3 5771193 shakedown/abort 15 base prove operability Determined that fumnace temperatures of 1350-1450 °F favored gas production.
4 5/12/93  shakedowwabost 2 base prove operability Mech J probl ted run before feed could be started.
5 5/13/93  shakedown/abon 14 base prove operability Unreliabl ial bal infc ion. Fumace tempereture still too high.
6 1793 shakedowm/abuort 3 base prove operability anical p tet Tun before stable operating conditions could be
established.
7 5/18/93  shakedown/abort 19 base prove operability Emphasis on th funace operation for | stack testing (AM Teat).
8 5/19/93  shakedowwabort 10 base prove operability S d stack test conducted, but no of liquid and solids production possible.
- First successful opartion of DART without forced abort. Ran for 24 hours (longest
9 6/8/93-6/9/93  shakodown 24 base prove operebility 10 date) with highest ol yield t0 date.
. P With low foed rate of 50 Ibvhr, fi l d from 1300 °F to 1000 °F.
10 6/14/93-6/1693  shakedown 54 base high ol yield Ol yield inereased to80%. L Mhmym‘ o calibrated.
. Feed rato slowly increased from 44 Ib/hr to 120 Ivhr. Continuous problems with wax
13} 6/29/93-11193  shakedown 66 base ircrease feed rate fuction at high ol yields and low tions.
. Wax prod: not roduced by catablishing tesnp gradientin 6  Fumace
12 7/6/93-1/8/93  shakedown 56 base reduce wax production effiuent ling s 1 A mid-auger temp o incly.
. Wax p ion not roduced by cstablishing tomp gudicnt in fi . Infeed
13 712/93-7/15/93  shakedown 64 base reduce wax production roamer failod duo 1o Jeaking ol seals,
] Wax production not reduced by establishing temp gradient in f )
14 719/93-7/22/93  shakedown 59 base reduce wax production A auger shatt th ples installad to m P a1 7 points.
. Wi duction not reduced blishj o dient of 300 °F in fumace .
15 92693772993  shakedown 64 baso reduce wax production mp v 8 e fradient 0 n
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. Hours of )
Run # Dates Run Classification Feedstock Objective Results and Comments
Operation
16 82/93.8/4/93  shakedown 47 base reduce wax production :’"‘r duction not reduced by establishing temp gradient in f
. base + 20% Pyrolyxis of base resin with 20% PET studied at two different temperatures. TPA
TA- /9! tric stud;
17A-B 8/9/93-8/12/93  parametric study 76 PET study effect of 20% PET in oil a3 high aa 4%.
N base + 20% . T . "
18A.C 816/93-8/19/93  parametric study 67 PS study effect of 20% PS Pyrolysis of base resin with 20% PS studied at three different temperatures.
. bass + 20% , — . .
19A-C  8/23/93-827/93  paramotric study 100 LDPE study effect of 20% LDPE Pyrolysis of base resin with 20% LDPE studied at three different tesnperatures.
. base + 20%  study affoct of high furnace temp on TPA No TPA found in oil at 1450 °F fumace contyol t Did
0A- ) : np pt capacity
20A-B 8/29/93-9/3/93  parametric study 75.5 PET fuction jon with base plastic, but f llod
20AC IRI931-9/1/93 tric atudy 37 base o is0n run with base resin l]’;rogi!:):ofbaummnndedumxeemlfmtﬁmmtanpaamu(noo, 1200,
22 9/13/93-9/16/93  parametric study 62 base capacity Capacity d ination hindered by i plete pyrolysis of resin.
23 9121193 wbort 6 base demonstration Demonstration run for visitors,
24 10/20/93-10/21/93  shakedown 23 base teat acid gas scrubber Using water circulation only, the ceustic scrubber operatod weil.
25 10/25/93-10/2893  parametric atuly 18 :“x‘; 3% ;';z;““' of 3% PVC without mo 4 +£ST on sito to toat flar stack for HCL, NOx, €O, hydrocarbons.
. base + 3% . . N
26 11/8/93-11/11/93  parametiic stwly 41 pPVC atudy effect of lime hydrate Oil organochloride lovels ~ 4000 ppm. Run terminated early by power outage.
cather resulted in blockag, circulation
27 1N93-11/18/93  parametric study 39 (orminated  study affect of lime hydrate Cold w T of heavy ol o 8ir coolers located
before PVC) & )
28 11/24/93  down 0 down down Unit down for winterizing and other repairs.
. base + 3% . Oﬂaganodllondo fevels ~7000 ppm. (Poor control of ime hydrate feeder.) Run
29 11/29/93-12/2/93  parametric study 55 pVC reduce organochlorides in oil tod by blockage in acid gas scrubbesr.
base + 3% Heavy oil circulati biems b of cold her. Relocating heavy oif piping
30 12/7/93-12/9/93  abort 1 pve ®  reduce organochlorides in oil fromoumdetoumdcof‘ ilding. Also planning to build encl around sir
coolers..
base + 0.5% Organochlorides reduced to ~100 ppm. Heavy oil contained 5% lime solids bocause
31 12/13/93-12/16/93  parametric study ¥y Ve =% reduce organochlorides in oil of blockege of inlet to screw conveyor for removing coke end lime from furnace end
bell.
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Hours of

Run # Dates Run Classification Feeds jecti
un n Operation stock Objective Results and Comments
. base +0.5% e Organochlorides reduced to <10 ppm. Acid gas scrubber by passed in planned
/94- i 7
32 1/3/94-1/6/94  paramettic study 1 pVC reduce organochiorides in oil N relying on lime hydrate to seact with HCL
base + 0.5% e . .
" 1494 abort 1s PVC + 2%  *Mudy effect of lime hy on capture of Run db of app: high p drop across oil condensing towers.
PET ®  ©OZ from PET Fumace pressure control valve at discharge of vacuum blower malfunctioning.
base +0.5% Roducing the fime hydrate addifion rato showod aignificant reaction of odi
34 /18/94- 4 tric stud! 66 Vi fect of 1 | . ) K .
mn 1120/94  parametric study :E;:'PZ% study effect of lime hydrate feed rate hydroxide to sodium carbonats in the acid gas scrubber.
base + 1% determine any operating problems at high No indication of terephthalic md (TPA) in product oil for fi of
35 125/94-127/94  parametric study & :‘:ﬁ:},’m PET 1350 °F. Without lime hyd p of 1450 °F needed to avoid TPA.
base + 1% R . Using a lime hydrute feed rate corresponding 10 1 - 2 times the stoichiometric
36 1A194-UU94  parametric study 8 PVC&10% f":::"n:n“u‘"‘"“"‘“ lime hydrate requirements for reaction with CO2 (from PET ) and HC), stalling of the furnace
PET - auger drive occurred.
. . For the first time 40 gal. of product oil containing more than 3,000 ppm
. base + det flect of lime hydrat oil
3 UU94I094  peremetic study 53 L Snermine efectofime hydrate fof ol o ganochilocides (C1 ony) was fed o the fumacs aver 7 bours 1o produce oil with ess
chlorinated ol cleanup
than 45 ppm C1.
base + 0.5% lower operating temperature of heavy ol  Run inated carly b of blockage at inlet to carbon screw conveyor. This
. . " Bg .
8 VIA94-2UVTIOA otric study 4o I;\E,':‘: % tower from 1850F to 1450oF was als0 a practice run for the environmental test (Run 39-B).
. PP Bale Wrap A . .
39A 2/22/94-2/23/94  private study from PP Bale Wrap Run aborted because of inability to feed material to furnace at uniform rates.
base + 0.5%
398 2/24/94-2/25/94  regulatory tequirement 32 PVC+2%  AM-TEST for environmental air permit ~ Fumnace operated at 1400 °F.
PET
. base + 2% effect of lime hydrate foed rate on CO2  Acid gas scrubber was by-passed 3o that CO; content of pyrolysis gas could be
40 228943194 pammetric study 8 per content of pyrolysis gas comrelatod with lime hydrato to plastic food ratio.
. base + 3% effoct of lime hydrate on organochloride in With benet oontrol of lime hydrate feed, repeated cartior tests to confirm expected
41 3/8/94-3/10/94  parametric study 22 pvC product oil gar N of product oils.
base +3%  study effect of lime hydrato stoppage on  Test results might be useful for possiblo stream analy pplication to indicate neod
42 V1454-31894  control study 8 pve organochloride lovols to vary limo feed rato. Run lorminatod carly b of firnace auger malfunction.
o . - Basc plastic was 8 new mix which, at fumaco temperatures of 1250-1350 F, filled
s 3/29/94-4/1/94  parametric study sq  baset od ol :"“'.““M“’ f“'oﬂ'“"‘ capacity tohandle L um in ® hours. This “bese™ plastic contained ultra high molocular weight
chlorinal hlorina polyethyleno which should b avoided.
. base + Pmdwtoﬂlﬂbedntesof’ﬂ-”lblhwu lly dehydrochiorinated along with
44 4/9/94-4/13/94  parametric study 98 chlorinated oil repeat Run 43 lime and baso plaatic. No f i f“ ol I up tod.
base + 1% . . . . A .
. determined fumace capacity at gas yield  Furnace capacity for base resin limited to 175 Ibvh, with furnace control temperature
43 AN9B44ZIP4  parumetric sidy 38 ';:g_: 3% powa0% at 1450 °F, Earlier forecast of 250 Ivh placed in doubt.
base + 1% Head of inactive reamer, formerly used to push solids along bottom of furnace below
46 4/25/94-4126/94  aborted 10 PVC & 3%  repeat of Run 45 capacity test plastic feed point, broke loose and jammed furnace suger. Repairs involved removal of
PET inlet end bell.
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Hours of ' )
Run # Dates Run Classification . Feedstock Objective Results and Comments -
Operation
Dase + 1% Furnace capecity of 150-175 Ibvh could only be schieved by starting up furnace at
47 519/94-5/12/94 ¥ 34 vVC & 4 i
parametric study i; 3%  repeat of Run 435 capacity test 1 food rate to svoid disct of partiall tvzed solids into carbon con .
48 5/19/94  abort 2 PCP-OR Lack of safety equipment for HCN d
19 SP4/94-5126/94  post-consumer plastic $8  PCP-OR  determine behavior of PCP in f ﬂi’ in ?‘k‘:;“m FoquINg serew °)°'“'°y"" lo move it. (Baso resin is in pellt
. . . - Polyaty pyrolyzes at a lower temp than base plastic and at food rates of
50 5/31/94-6/3/94  parametric study 61 100% PS determine optimum furnace conditions 240 Ibvh. Very low gas yields.
. 100% PS from - Slabs of compressed PS from used foamed PS food service ware were crushed into
51 6/7/94-6/10/94  parametric study 61 Mobil test PCP conaisting of 100% PS . tar b 3 and sized solids; very difficult 1o foed 1o f !
. base + 4% . Peper was smixed with base plastic to simulate PCP. No problems, just more CO2
52 6/14/94-6/16/94  parametric study 40 paper effect of paper from PCP on yields. X from cellulose.
. base + high . . TPA in oil from base plastic with 20% PET was 0.4% at 1400 °F. For 40% PET in
53 6/20/94-6/23/94  parametric study 47 PET confirm cadlicr tests on TPA destruction base, TPA in cil was 4%.
base + 5% hat is hlorids content of product
54 6/27/94-7/1/94  parametric study 63 PVC & 5% ol? e v Increasing PVC and PET to 10% of feed Ited in higher organochloride yields.
PET
. establish operating conditions for 80% Liquid yields of 78% achioved at fumace of 1100 °F and TC-12 of 780 °F
35 7/6/94-71/1/94  parametric study 36 base Biquid yiel for plastic foed rate of 120 b/h.
. 3M Magnetic . . " Megnetic tape was fod in pelletized form slong with virgin polypropylene pellets to
56 TN294-U15/94  private study 435 1apo determine product yields and ol quality tuce PET 10 20%. Evid fos hyd Xing (high hyd ields).
T Loft over PP from Run 56 was fed to furnace for $ hours. Pyrolysis gas compoasition
57 19/94-7121/94  parametic study 49 PP determine produce yields for pure PP results obtained, but no liquid composition data. Pr d lef over odd lots of plastic
- 100 smail for required tests.
base + 1%
58 7/25/94-7129/94  parametric study 39 PVC & 3% toating now resin food bin weighing systam New foed bin weighing system provided improved tracking of foed utilization,
PET
Oil yiclds of 56% ;0il was very viscous and waxy at room temperature and may have
59 8/1/94-8/5/94  poat-consumer plastic 17 PCP-NJ maximum oil yield, minimum wax caused plugging of nozzles in the oil quenching system, particularly during startup (no
heat tracing).
. PCP-NJPCP- 5 oo Plugging of oil lines and spray nozzies were probl PCP-NJ ins more HDPE
60 8/8/94-8/12/94  post-consumer plastic 30 oW maximum oil yield than base plastic, giving higher wax yiclds.
) . . Oil yields were less than 60%. Concemn that higher oil yields would increase viscosity
61 8/15/94-8/19/94  post-consumer plastic 70 PCP-IN maximum oil yield of circulating heavy oil .
. Run was terminated carly b inlet to outfeed carbon yor was plugged. Also
62 8/22/94-8/26/94  abort 19 PCP-GW produce oil with no TPA food ayatem ired cleani
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. Hours of
Run # Dates Run Classification Feedstock Objective Results and Comments
Operation
’ i . PCP-GW contains 30-35% PET. Together with lime, the oil yield was only 30%, but
63 8/29/94-9/12/94  post-consumer plastic 31 PCP-GW produce ol with no TPA no TPA was evi
. study effect of high fumnace tempersture At low foed rates of 67 Ibvh and & ing from 1300 °F to 1450
-9/9/94 -consumier 3 - v bl
64 S16/94-919 poxt plastic 3 PCP-IN on wax production °F, the oil yicld was only 16% with no evidence of wax constituents. ’
. base + FOC  study effect of cracking catalyst on Pyrolysis gas showed twice the normal concentration of cis & trans 2-butene with 8
65 9/12/94-9/16/94  parametric study 10 Iy prod position ignificantly hi . ion in the product oil
. demonstration run for APC television At {oed retes of 100 Ib/h and furnace temperature of 1200 °F, the carbon discharg
94- 7 -
66 9/19/94-9/23/94  post-consumes plastic 5 PCP-IN 3 howed some i pletely pyrolyzed plastic. .
’ . A, 4 pgrade product oil with high Feeding high chloride-containing oil with lime hydrate produced oil with <25 ppm C1.
67 9/26/94-9130/94  parametric study 61 oil o . 25-40% of oil was gasified.
. . - Ammphtofoednwhmm(ﬁom@yrmu)abmdomdbecpmewqxcmﬂdmﬁbe
68 10/3/94-10/7/94  parametric study 37 chiorinated ol commission new wax feed system fetely moltod in 55 gal. & . Recycled 15 d oil
chlorinated oil reprocess off- spec oil and wax from carly Run inated early b of problems with feed pump. Wax melted slowly
69 10/17/94-10/21/94  abort 0 and wax runs (inadequate facilities).
base + 1% New “loss in weight” feed system for lime hydrate tried out for first time. Could
70 11/8/94-11/10/94  parametric study 60 PVC & 3%  determine mini limws hydrate feed rate produce low chioride eil with only 40% of lime used in previous runs as long as PVC
PET it did not exceed 1%.
N . HCN in pyrolysis gas varied from 0-20 ppm. Significant production of ammonia.
7 121294121694  parametric study 67  baso+py “mdyeffoctof PUin feed, monitor HON o ruse oot detocted in oil or scrubber water. Cyanide detected at 40 ppm in spent
production bonki 4§ smoothls
. Run progr ly at 5% PU.
. . No HCN was 4 d in any gas samples. A ia d d at | - 2% in the gas.
%
72 \U19/94-122/94  parmmelric study 19 ::; + % ;t:dy d?-ed of ABS in foed, monitor HCN No cyanide was detected in the oil, spend lime/carbon or scrubber water. The run
. base + 5% study effect of nylon in feed, monitor No HCN was detected in tho gas, oil, spend lime/carbon or scrubber water. The run
73 117/95-11/18/95  parumetric study 18 nylon HON production 4 hly.
offect of furnace and lime hydrato L . . .
74 2/6/95-2/10/95  shakedown abort 4?2 PCP-GW N tare on TPA destruction Run of p with resin feed system.
. effect of furnsce temperature on TPA Found TPA in fumace efliuent sample when fumace tesmperature dropped to 1350 °F
75 2/13/95-2/11/95  post-consumer plastic 34 PCP-GW tion from 1400 °F. (Ol yield ~30%.)
6 U295-22495 ic stud 38 100%PP  determine yield pattem for oil and Pyrolysia gas was prodominately isobutylene and propylanc. PP was casier to
- panumetnc study yield pat ges pyrolyze than base plastic (no wax problems).
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TABLE XXXVII Run Data Summary
Feodstock Operating Conditions Yields (wt %) Pyrolysis Gas Componential Yield (wt %) Retort Ol Componential Yield (wi%)
3 3 g Eg % € § % ; 3
, ® g 2 i st 5 o8 5§ 8 s
HE g b L Baapdsgd i igiiaad
i_é E 2 g Iy .ﬁm u.}g- E E - !3 I — i £ = g 4 9 .G ? b < 2 ‘E
17A 80 20 k24 0 1300 970 62.0 380 004 21 32 41 11 63 719 17 1.7 99 | 29.2 16.4 93 3s 252 19 45 S5s 67
178 80 20 117 0 1200 910 80.0 200 002 08 14 17 07 28 40 14 1.7 551 369 124 16.7 18 288 09 30 64 107
18A 80 20 1o 0 1300 1100 360 61.0 012 44 32 73 18 136 168 04 02 132§ 69 38 22 09 256 21 58 16 135
18B 80 20 13 0 1200 1000 520 480 004 1.7 22 34 14 80 121 03 02 187 | 148 17 56 1.5 315 11 56 128 57
18C 80 20 Ito 0 1100 910 0 230 002 07 i 14 09 42 64 03 02 18 | 249 1.2 81 56 387 09 62 169 134
wa| m 7 108 0 1300 100 | 410 560 [ 010 45 30 84 18 129 138 04 01 110|109 70 30 09 258 31 64 64 43
vl n 7 m ) 1200 100 | 520 480 J00S 24 29 S3 19 97 135 03 ol n|I191 1S 60 16 270 15 58 90 59
wl n 7 104 0 1100 910 820 180 | 002 07 09 15 10 31 s2 03 02 S51[|323 153 86 84 354 08 64 121 143
0| 8 2 100 0 1450 1200 | 320 670 [o030 85 37 18 13 123 88 29 44 130) s8 18 31 09 28 55 53 41 34
nal 100 126 0 1300 neo | 350 610 |012 46 10 88 20 146 167 04 03 125] 90 48 20 13 m2 19 53 65 38
us| 100 125 0 1200 980 630 370 |ooa 20 08 45 17 81 N2 03 02 82|29 120 66 53 290 12 55 100 10!
ac 100 128 0 1100 890 90 210 002 07 04 17 11 37 S9 05 02 68§ 272 19 14 79 369 07 69 144 149
22 100 193 [ 1300 990 514 486 010 33 13 57 18 119 14t 0s 03 96 | 173 88 56 28 286 18 62 97 355
25 97 3 -1} [} 1350 1225 58.6 41.4 029 B0 NA 8t 06 74 49 04 0.0 17y 79 11 4.6 19 48 102 108 96 39
26 97 3 88 bad 1050 870 611 389 019 28 1) 52 12 90 108 02 0.2 82| 207 93 69 43 326 13 S1 116 78
29 97 3 143 0 1250 956 65.6 344 003 15 t5 31 23 67 109 0.4 0.5 751 236 1o 19 35 . 37 14 54 133 83
! 30 97 3 100 bad 1200 851 59.6 302 009 09 01 1.7 18 50 97 0.1 0.0 108} 290 123 10.7 56 247 08 39 86 39
3] 9 0.5 110 bad 1250 842 67.6 324 006 16 04 32 16 65 110 02 0.0 78 ] 343 206 100 34 284 15 53 88 49
32 99.5 0.5 107 12 1250 947 61.4 386 012 19 07 41 L7 81 122 0.1 00 97 | 264 148 74 37 294 13 . 49 114 S6
33 9715 2 0S 120 9 1300 933 59.6 404 008 18 06 431 15 81 117 01 0.0 1241 1.8 150 10.5 56 259 1S - 49 100 19
35 945 5 oS 120 15 1350 975 412 558 022 37 13 6% 16 122 160 04 0.0 135]) 182 83 6.7 29 248 22 39 92 12
36 89 10 1 110 12 1300 980 455 545 022 34 17 66 15 113 147 0s 00 146 149 87 49 1.2 289 51 37 12 1.7
37 |Base + oil 117 10 1300 964 484 516 010 27 15 59 17 1L} 155 02 0.0 129§ 199 106 16 1.7 258 14 43 109 27
8] 9715 2 oS 129 17 1350 900 290 70 |02 65 23 108 18 163 158 04 00 168] 63 34 23 05 2S5 39 a3 63 12
w|oe1s 2 oS 129 Y) 1400 %95 299 501 [020 35 14 68 15 114 143 04 00 106|151 85 48 - 16 310 37 61 104 38
0| 8 2 n? var 1400 m7 | 40 570 {023 53 29 87 15 133 126 03 03 uefu2 62 40 09 292 31 55 103 16
EO 41 97 3 137 12 1250 923 70.0 300 006 14 09 32 14 67 97 02 00 641273 147 9.7 25 356 11 46 181 71
5 cz 43 |Base + oil n 10 1350 958 538 462 014 28 24 54 16- 100 137 02 0.0 99 ] 194 9.0 76 16 306 1.1 52 123 38
2
=0
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KFeedstock Operating Conditions Yields’(wt %) Py Gas Comp tial Yield (wt %) Retort Oll Componential Yield (wi%)
3 Eld § % 2 £ £
] ~ K 2
RS B BT S ST B N AR AR OO AN RN E BT - O O A
slive #3183 v Bel% o0 $8 PP edefozlsogsiog fjdld
44 )Base + ail 7 [{1] 1300 927 597 40.3 016 25 22 43 13 88 122 0.1 0.0 871 NA NA NA NA NA NA NA NA
45 % 3 ] 178 14 1450 929 68.2 318 1010 19 17 40 10 70 91 02 ot 671 285 142 101 4.5 330 25 54 130 67
47 9% 3 1 97 2l 1350 1002 499 404 012 26 27 51 12 89 12 0.2 0.0 84| 168 79 64 24 315 32 ST 110 16
49 1PCP-Orcgon 100 11 1250 1000 434 566 §020 32 37 62 17 112 153 10 0.2 1391 144 12 36 16 264 22 45 74 26
50 1000 2% ] 1250 1000 95.6 35 002 02 00 03 00 O1 0OFf 1.0 08 09 ] 88 08 6.0 20 854 05 87 5727 14
51 100 49 1] 1250 1069 940 60 014 10 04 09 01 10 09 03 03 10| 62 1.0 38 13 870 11 120 477 08
52 % 4 100 [} 1250 1029 60.2 398 010 23 30 47 13 89 115 12 10 58] 1914 93 14 20 362 10 59 147 49
53 60 40 100 0 1400 1125 328 650 [ 030 60 45 86 14 122 129 36 48 107} 84 26 49 0.7 216 44 34 38 28
54 90 b 5 L3 18 1250 870 60.4 396 06 21 27 40 14 73 102 03 02 1121 221 12.1 100 43 30.0 7.’4 45 121 33
8 96 3 1 106 12 1300 945 608 392 1012 18 26 38 13 77 109 03 0.1 106] 243 170 69 05 344 18 57 157 21
59 |PCP-New Jersey 105 8 1300 950 519 421 010 19 29 42 18 79 118 04 02 1091 378 160 154 64 127 10 18 07 74
60 JPCP-New Jersey 21 20 1300 942 60.2 398 1010 18 27 44 15 13 112 o4 02 102] 416 138 179 99 121 07 13 07 65
61 ﬁPCP-lndixna 108 7 1300 970 552 448 1010 19 27 40 14 82 122 08 03 1321 316 153 11.5 48 144 11 22 41 92
63 1PCP-Goodwill 74 10 1350 1095 308 692 1060 56 41 75 15 109 129 42 57 162} 58 24 28 0.6 231 38 33 46 19
65 FBase + Catalyst 106 0 1150 983 59.0 440 008 18 24 27 L7 73 122 06 06 11.6] 215 124 68 19 347 14 47 113 28
67 [Oil and wax 97 10 1350 984 69.2 308 022 19 16 35 06 48 76 06 10 901 198 90 8.7 21 416 28 80 98 78
68 JOil and wax 133 5 1450 1096 67.1 329 026 34 24 50 06 68 69 0.5 (3] 651 107 58 39 L1 536 71 143 119 28
70 96 3 1 125 4 1350 969 51.0 4.0 010 25 33 50 15 94 130 06 0B 128] 186 98 29 24 299 19 A4 l6.2 25
n 93 s* 103 4 1750 964 645 355 014 20 27 43 15 74 96 06 04 69 1 248 17 9.5 68 352 07 46 143 45
n 93 s 127 4 1300 990 644 56 ot 18 25 34 12 717 102 02 0.1 84 ] 200 91 74 33 392 13 66 156 52
n 95 s* 114 4 1300 1050 629 371 004 20 28 39 13 81 109 02 0.1 78 { 185 97 59 29 403 21 78 150 41
75 JrCP-Goodwill 1e 20 1400 1054 320 680 {040 52 43 72 18 116 143 43 6.7 122] 10 56 40 14 173 52 24 21 37
76A [PCP-Polypropylene 94 0 1200 93t 48.1 497 010 17 32 18 17 123 154 06 06 123 28% 20 59 20 102 10 13 14 90
768 lPCP-Pclypxopylu\c 103 0 1100 843 65.7 309 000 09 20 08 1! 76 87 06 05 871 447 287 115 45 140 0.9‘ 18 L7 69
' Refer to Table 8.7 for inf garding runs not included on this table ¢ pU
: pg 7 ABS
' LDPE ' Polyemide
*  Ground, post-consumer PS *  See Table 8.6 for further yield information
*  Papet
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Supporting Documents

9. Supporting Documents

Following is a list of the supporting documents for this report:

Extended Run Summary "Archive" Reports For All Runs

All Qutside Plant Analyses Organized By Sample Type

Plant Industrial Hygiene Plan

Hydrogen Cyanide Safety Guidelines and Emergency Response
Pre-Manufacture Notice

Plant Operating Manual

Lab and Plant Computer Data Files

State of Washington Air Permit

Analytical Results Table

Engineering Assessment Report

Waste Water Discharge Permit

Activated Carbon Recycling Permit

Initial Safety Review Document

Corrosion Coupon Evaluations

Record of GC Analyses Listed Out of Sequence in "Archive" Reports

cONR4,,
INDUSTRIES, INC.
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MAIN SUPPLIER TO THE WAS

Svedala’s experience in developing
and manufacturing equipment
and systems for industrial proces-
sing is well-known. Our compet-
ence in this field has led to our
expanding activities in the Waste
processing and Recycling industry.
At Svedala Industri, you can
expect to find a genuine single-
source supplier offering most of
what you need in the line of Waste
processing and Recycling systems,
everything backed by the unsur-
passed engineering, consultancy
and support of our world-wide net-
work of group companies. Svedala
is able to provide you with fullservice.

- CIVIL ENGINEERIN
CONSTRUCTION .

Vebicle Fragmentation. For fragmentation of
vehicles and most types of sofid waste, Svedalia’s
wide range of crushers, mills and shyredders are
in operation all over the world.

Municipal and Industrial Waste are shredded
in our systems in order to prepare them for the
recycling processes to folloz.

WE TURN WASTE INTO PROFIT
Today, waste processing and recycling
are kev technologies of the global
movement for better utilization of
natural resources and better environ-
mental care. [n many cases, when we
customize plants and equipment, we
start with “Waste processing”, in order
to prepare the materials for further
recycling.

Svedala Industri can provide, on a
global basis, an expanding range of
equipment and systems for treatment
of industrial and public waste, in order
to make it possible to reuse as much
material as possible.

“vedala has the process know-how

the ability to maximize recycling
of material instead of meaningless waste
disposal.

e D St S
Class?’imn’on. Our Combi Screen is a highly
mobile sorting plant for sorting und processing
raw: and waste material.

APPLICATIONS

#® Demolition, size reduction and
recveling of solid waste

® Separation of different materials from
each other and size classification

® Reconditioning of conzaminated soil

® Reclaiming speat foundry sand

® Incineration of hazardous waste

® DPyro processing of special waste

® Washing and shredding aluminium
cans and PET-bottles

¢ Shredding of vehicles and all types
of solid waste

® Virrification of hazardous wastes

® Puvrolysis of rubber (trom automobile
tvres) and other organic waste materials
to recover oil and carbon black

® Recveling and/or destruction of
munitions

# [ncineration of Municipal Solid Waste _

Tire sbrqddin . The plant consiszs of a wers

/ Yobeed
poertad shreddder, o apron fecder L ved

~ 7

QRN r'.xz"'uc.’s. supporio 2

i '."l.'l.’.‘"‘.' Ceplernnen?



< AND RECYCLING INDUSTRY

Soil cleaning. With our soil cleaning plants e

Foundry sand. By using our foundry sand ¢
‘ can melp vou to regenerare the soil for reuse.

rechiny sy acems we et prodece reasable sand
s sovernoxic and free-Howmy
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AR s
a‘_‘__; é This trunsportable system for processing PCB-
’—-,‘-"'"ﬂ { - contaminated sotl is an ex.zm;)/e of our yotary
: o e . - ; kiln waste processing technology.
KA 3 3

5OIL DECONTAMINATION
P WASHING METHOD -~ .

<

Soil decontamination. Our soil decontam:

Ash conditioning. Ash conditioners can tiern
, ! > S
30 nedowy S direy, dusty joo 2o
v oonseled, dean and eFioen:

Wash Water recovery, Wash water from denuny
syseem wtilizing a rorary kiln is very effect: apenctions can be recovered and rewsed o
For ehermal destraciint of bazardow elemes seouration, Laonetla Sedonentazion ord Flovion!
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;T AND RECYCLING INDUSTRY

Examples of material now being
processed and recycled using

Construction and Demolition
Waste ave treated on site. The
system prozides macerial to be
rewsed while simaudtancously mini-
mizing transportation to wnd from o .. -
the site and avoiding dimping fevs. =2

Waste combustion
systems ure ;?ap/im{ to
waste products con-
taining combustible §
materials such as
organics, toxics and
explosives,

I
! [T A
%ﬁ; ¥
g . P
v, ¥ N
“‘LM}:;, o
Semi-mobile plants for trearment of wusn warer
used i crushing and screcning operations.

CIVIL ENGINEERING

» concrete construction

« steel reinforcement in concrete

* asphalt roads

* bricks and tile

* wood material

* aluminium material

e steel

* railway ties/sleepers

PACKAGING

* aluminium cans

¢ PET-bottles

METAL AND VEHICLES

e cars, frucks and buses as well as
rubber tires

e ferrous and non-ferrous

INDUSTRIALPRODUCTION

PROCESSES

» used foundry sand :

» lime in the pulp and paper industry

* sludges and liquid wastes

FOREST INDUSTRY AND PULP &

PAPER

» forest waste including roots for
composting on-site

* packaging waste, pallets, etc.

* production of a fertilizer from wood
ashes

MUNICIPAL AND INDUSTRIAL

WASTE

s incineration of Municipal and
Industrial Waste

« recycling garden and park waste

= recycling household, public and
industrial waste

« vitrification of radioactive waste

« production of Light Weight
Aggregates (L.W.A.™) mixing sludge
from waste water and incineration
ashes (Minergy process)

REGENERATION

* activated carbon, industrial catalysts

SOIL

 contaminated soil

DECONTAMINATION

« slag in the metal industry

* soil

HAZARDOUS WASTE

« radioactive, medical, pharmaceutical
wastes




Australia

Phone +61297481777
Fax +61 29748 19 39
Austria

Phone  +43 18136508
Fax +43 18121423
Belgium »
Phone 43224810960
Fax +322 4810961
Brazil

Phone +33 {1 7967 0999
Fax 35 11 7967 Q776
Canada

Phone +1 613962 34 11

Fax +1 61396297 92

Chile
Phone  +56 22324044
Fax +36 22322691
China

Phone +86 10 68 58 81 20
Fax +86 1068587822

The Czech Republic

Phone +42574 4026
Fax +425744026
Denmark

Phone  +43 585440 11

Fax +45 58 54 41 42

Svedala Crushing & Screening
Malma, Sweden

Phone:  +46 45 24 58 2C

Fax: +46 4C 24 58 75

Svedala Conveyor Belting
Malms, Sweden

Phone:  +46 43 24 58 20

Fax: +46 43 24 58 63

Ao

hi e Aeren

For information please contact the Svedala Sales Head Office in each country.

Finland
Phone  +3589221950
Fax +358922195292

France
Phone +3316+4259¢C0
Fax +33 1640791 81

Germany
Phone +49210349370
Fax +49 213249237 1D

Ghana
Phone +233 21 2296 91
Fax +233 21 22 96 91

Hong Kong
Phone +8322527 53543
Fax  +835228612652

Hungary
Phone  +36 1343 2269
Fax +36 1351 24 64

India
Phone +91 11 614 16 59
Fax +91 11 614 17 43

Indonesia
Phone +62217361978
Fax +6221736 1977

Italy
Phone +39290 35 41
Fax +3929035 4209

SVEDALA WORLDWIDE

Lebanon Russia Southeast Region
Phone +961 1 399 $27/8/9 Phone +7 8121724633 Phone +1 334 438 61 CO
Fax +961 1399 426 Fax +7 8121727389 Fax  +13344384717
Malaysia South Africa Western Region
Phone  +60 36328388 Phone +27 113975390 Phone +1 303 708 04 48
Fax +60 3 633 69 88 Fax +27 11 397 3960 Fax  +1 3037080217
Mexico Spain Vietnam
Phone  +3216 251333 Phone  +3416164585 Phone  +84 88226228
Fax +5216 251330 Fax +34 16164833 Fax +84 88226229
The Netherlands Sweden Zimbabwe
Phone +3178 61 368 83 Phone  +46 40 243320 Phone +2639 678 22
Fax +3178 61 736 CO Fax +46 40 24 55 25 Fax +363 9 685 62
New Zealand Switzerland
Phone  +6+4 7 888 56 99 Phone  ++41 1 8443246
Fax +647 83852 44 Fax +41 1844 36 64
Norway Ukraine )
Phone  +47 22903500 Phone +380 564 42 ¢1 44
Fax +4722903590 Fax  +380 564 45331 43
Peru United Kingdom
Phone +51 14225174 Phone +44 1788 53 21 C0
Fax #5311 H21071 Fax  +44 1788 54 63 63
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ing at both — gaseous and molten phase — system outlets, homogeneous phases are obtained corresponding to high temperature equi!-
rium states. De-novo-synthesis (reformation) of organic compounds (like PCDD/F) and formation of nitrogen oxides is avoided, E
duction of ash and filter ash is excluded.

The following paper describes the process with special emphasis on the degasification. gasification and smelting secti
Experiences obtained from an industrial scale plant are presented.

THE KRUPP UHDE PRECON® PROCESS BASED ON THE HIGH-TEMPERATURE-

WINKLER (HTW) GASIFICATION FOR PROCESSING SOLID WASTES
Dr.-Ing. Christoph Liitge, Dipl.-Ing. Marco Deutsch
¥~ p Uhde GmbH

-Uhde-Strasse 15
rtmund, Germany
ewski, Dr.-Ing. H.-P. Schiffer
nbraun AG
genweg 2
sgne, Germany
' L. Hoey
Technology, Inc.
n-Pond Road
__.-A 02154, USA

e ABSTRACT
In recent years, there has neen an ever greater demand for the treatment of solid wastes (e.g. municipal solid waste (MSW), a.
shredder residue (ASR), sewage sludge) in Germany and other European countries. In particular, there is no public acceptance for -
dumping of solid wastes, because of unforeseeable consequences in the future. Thermal treatment is an ideal mean to transform a sel
part of the waste sticam into an environmentally harmless and less voluminous substance while simultaneously recovering its energy cc
tent. The possibility of converting waste to energy makes the thermal treatment of solid wastes even more attractive.

ENERGY RECOVERY FROM SOLID WASTE FUELS USING ADVANCED

GASIFICATION TECHNOLOGY
Michael Morris and Lars Waldheim
TPS Termiska Processer AB
Studsvik
611 82 Nykoping
Sweden

ABSTRACT

Since the mid. 1980’s, TPS Termiska Processer AB has been working on the development of an atmospheric-pressure gasificat:
process. A major ai n at the start of this work was the generation of fuel gas from indigenous fuels 1o Sweden (i.c.biomass). As the e
nomic climate changed and awareness of the damage to the environment caused by the use of fossi: fuels in power generation equipm-
increased, the aim of the development work at TPS was changed to applying the process to heat and power generation from feedstoc
such as biomass an4 solid wastes. Compared with modern waste incineration with heat recovery, tne gasification process will permit
increase in electrici .y output of up to 50%.

The gasificaticn process being developed is based on an atmospheric-pressure circulating flnidised bed gasifier coupled to at
cracking vessel. Th. gas produced from this process is then cooled and cleaned in conventional equ.pment. The energy-rich gas produc
is clean enough to be fired in a gas boiler (and, in the longer term, in an engine or gas turbine) withr ut requiring extensive flue gas cle:
ing, as is normally - equired in conventional waste incineration plants. Producing clean fuel gas in his manner, which facilitates the L
of efficient gas-fire | boilers, means that overall plant electrical efficiencies of close to 30% can be achieved.

- TPS has perfc.rmed a considerable amouht of pilot plant testing on waste fuels in their gcsification/gas cleaning pilot plant
Sweden. Two gasifiers of TPS design have been in operation in Gréve-in-Chianti, Italy since 199" This plant processes 200 tonnes
RDF (refuse-derived fuel) per day.

It is planned tkat the complete TPS gasification process (including the complete fuel gas cleaning system) be demonstrated in s
eral gas turbine-based biomass-fuelled power generatinof the world. Start-up of the first plant is scheduled for1999.

It is the aim of TPS to prove, at commercial scale, the technical feasibility and economic advan:ages of the gasification process w*
it is applied to soli¢ waste fuels. This aim shall be achieved, in the short-term, by employing the cold clean product gas in a gas bo
and, in the longer-t="m, by firing the gas in engines and gas turbines. A study for a 90MWth waste-*elled co-generation plant in Swec
has shown that, alrcady today, gasification of solid waste can compete economically with conventinnal incineration technologies.

Keywords: biomass, waste, RDF, CFB, gasification, tar cracking, combined-cycle, IGCC, corrosion

STEAM REFORMING OF LOW-LEVEL MIXED WASTE
Gary E. Voelker, William G. Steedman
ThermoChem, Inc.
10220-H Old Columbia Road
Columbia, MD 21046
Ravi R.Chandran
Manufacturing and Technology Conversion International, Inc.
10020-G Old Columbia Road
Columbia, MD 21046

ABSTRACT
The U.S. Department of Energy (DOE) is responsible for the treatment and disposal of an inventory of approximately 160.000 :
of Low-Level Mixed Waste (LLMW), Most of this LLMW is stored in drums, barrels and steel boxes at 20 different sites throughout
DOE complex. The basic objective of low-level mixed waste treatment systems is to completely destroy the hazardous constituents
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PROPERTIES OF ENERGY RECOVERY BY COMBUSTION OF INDUSTRIAL

WASTE AND COAL PREMIX FUELS
Motohiro Kondoh and Masataka Yamaguchi
Plant Engineering Department
TOYOTA MOTOR CORP.

Toyota-shi, Aichi-ken, Japan
Shigekatsu Mori
Department of Chemical Engincering
Graduate School of Nagoya University
Nagoya-shi, Aichi-ken, Japan

ABSTRACT

With the call mtensnfymg for globally addressing the earth’s environmental problems, demand for increased efficiency in uullung
resources and energy is growing. Waste-related problems, in particular, as they have been addressed with a focus on volume reduction
and proper disposal, have raised a new area awaiting research: Can waste be a viable source of energy?

Among a number of types of waste, one that is receiving great interest is industrial waste, which is generated from manufacturing
production and is discharged to cmmunities in many diverse forms. The present study has been conducted with » focus on identifying the
recovery characteristics of electr - and thermal energy frc:m combustion using a cogeneration system and industri : waste as the main fuel

Conventional methods of pt.~er generation from waste have been limited by the degree to which the steam . cessure and temperature
in the energy recovery boiler for san be increased, due to the effects of the corrosive compositions of waste that ~ttack the furnace casing.

In the present study, coal aad waste were premixed and incinerated, then evaluated for their combustion characteristics, with the
aims of achieving a method that ensures high temperature, high pressure, and sufficiently stable steam recovery. Industrial waste is char-
acterized by its highly diverse mix of many different kinds of waste. Since identifying its combustion characteristics and conducting sta-
ble combustion based on the characteristics thus identified are critical in increasing energy recovery efficiency ard consequently improv-
ing power generation efficiency, .. two-furnace construction for the combustion furnace was employed leading t» a highly effective solu-
tion to the problem found in con: 2ntional methods and also leading to the attainment of our objectives. In the pre -ent study we have eval-
uated combustion characteristics which have attained stability through the combustion of premixed industrial w.:ste and coal, while pay-
ing special attention to the comt ustion characteristics of fluidized bed combustion of coal alone, along with ¢+ sluating the characteris-
tics of the exhaust gases resulting from combustion. We have then conducted an evaluation to determine heat recuvery characteristics and
the other conditions required for increasing the 10% power generation efficiency that can be attained in conver .ional waste power gen-
eration systems to a maximum f>wer generation efficiency of 24%, by recovering steam at a higher temperatv-e and a higher pressure
(60 atg./460°C). This paper also describes the operating results of an actualsystem that was run in the light th.. findings of the present
study and discusses the effects tl.at this system has shown.

As the world increases its awareness of the necessity of building a recycling society, a wide variety of approaches have been set out
to deal with waste-related prob 2ms. Looking at a series of recent moves toward legislation in résponse to iis trend, including the
enforcement of the Recycling Luw and the revision of the Waste Disposal Act in Japan, makes us renew our rec ognition of how serious
a social issuc current waste-relat:d problems present.

Against this background, the industrial world has been called upon to address such problems, urging individual industries to make
efforts in their own ways. In addition to these individual efforts, nurturing a sound and effective waste-dispos:.! and recycling industry
are of critical importance, since Jelay in achieving this may undermine the foundation for growth in the entire :ndustrial world.

In recent years, in the search for compatibility between the environment and energy, using a highly efficient cogeneration power
generan proposed-as one viable 'nethod of recovering and utilizing energy from industrial waste, a source of c¢n :rgy which has yet to be
exploited. When it comes to constructing a cogeneration system using waste as fuel, however, two major technological problems have
manifested themselves as gross hindrances; they are (1) how can high-temperature corrosion by the attack of HC! and other exhaust gases
generated from waste can be prevented, and (2) how can non flammables contained in waste can be dealt with without causing any
adverse effects?

Meanwhile, coal, a solid fiel, is inferior in physical and chemical properties as a fuel compared to petroleum. With the aim of
expanding demand for coal, studies are being conducted widely on fluidized bed combustion technology, which is a combustion tech-
nology that may make coal a stable and homogeneous fuel.

In the present study, coal and waste have been premixed and incinerated, then evaluated for their combustion characteristics, while
paying special attention to the combustion characteristics of coal alone in fluidized bed combustion, with the aim of achieving a method
that ensures high temperature, high pressure. and sufficiently stable steam recovery. The present study has also analyzed the results of
this evaluation in order to identify the conditions required for stable combustion and obtain knowledge of heat recovery characteristics
and other matters.

This paper also describes the operating results of an actual system that was run in the light of the findings of the present study and
discusses the effects that this system has shown.

MODEL PREDICTIVE CONTROL AND ON-LINE OPTIMIZATION OF A SELECTIVE

CATALYTIC REACTOR FOR NOX REMOVAL IN INCINERATION PLANTS
M. Rovaglio, D. Manca, M.G. Berretta, F. Rusconi
CIIC - Dipartimento di Chimica Industriale ed Ingegneria Chimica “G. Natta”
Politecnico di Milano
P.zza Leonardo da Vinci 32 20133 Milano, Italy

ABSTRACT

This paper presents the results regarding the application of a simulation tool as supervisory system for NOx removal in a municipal
waste incineration plant.

The optimization procedure consists of the search of the best working conditions that satisfy the operating and legal constraints, in
terms of emission amounts and combustion quality. This procedure adopts a simulation algorithm and data reconciliation tool to verify
and improve the consistency of the calculated values by experimental data.

In order to optimize the DeNOx section performance, a reliable simulation model must include a detailed description of each plant
section and the formation/reduction kinetics of different pollutants throughout the different units.
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INCORPORATION OF INTERMEDIATE-LEVEL LIQUID RADIOACTIVE NUCLEAR

POWER PLANT WASTES IN GLASS AND CERAMICS
F.A. Lifanov, A.P. Kobclev, S.V. Stefanovsky, V.I. Kornev, V.N. Zakharenko, M.A. Polkanov.
T.N. Lashtchenova, V.A. Solovyov, O.A. Knyazev, E.A. Kachalova, O.V. Tolstova, and O.1. Kirjanova
SIA “Radon”
7th Rostovskii per. 2/14, Moscow 119121 Russia

_ ABSTRACT

SIA “Radon” experience in development and testing of glassy and ceramic compositions suitable for low- and intermediate leve!
liquid waste (LILLW) immobilization is described. Various borosilicate and aluminophosphate glasses, as well as aluminosilicate ceram-
ics, were proposed to immobilize both institutional and Nuclear Power Plant (NPP) wastes. Institutional LILLW and NPP waste from
RBMK containing sodium nitrate as major component, can be effectively incorporated in aluminosilicate and borosilicate glasses. Waste
oxide content in these glasses reaches 35-40 wt.%. NPP waste from VVER should be preferably immobilized in borosilicate glasses pro-
viding waste oxide content up to 45-50 wt.%. To incorporate sulfate- and chloride-bearing wastes in glass, aluminophosphate matrices
are preferable. An alternative for sulfate-chloride-beariiig waste immobilization is ceramic route with formation of clay-based alumi-
nosilicate ceramic. All the materials obtained have low lzachability (leach rate of !37Cs - 10-5-106 g - cm2 - day-!).

SESSION 18A: PART I: DESIGN A fl MODIFICA{I‘ION EFFECTS ON OPERATIONS

DESIGN, START UP AND RETRGFIT - A TALE OF THREE INCINERATORS AT A

RESEARCH BASED PHARMACEUTICAL COMPANY
Scott A. Lauer
Superintendent
Solid V-aste Management-Incineration
{erck & Company, Inc.
P. G Box 4 Mailstop WP20-206
W st Point, PA 19486-0004

ABSTRACT

Not that long ago, those involved in the incineratio . of non-hazardous waste only needed to be concerned about feed rates, tempe: -
ature limitations and the possibility of black smoke pc-iring from the stack in order to comply with environmental regulations of th2
1970’s and 1980’s. With the event of the Clean Air Act zad increasingly strict permit conditions, anyone who wanted to stay in the incir -
eration business had to spend significant time and capit.l to obtain permits and build/retrofit their incinerators. Several plant sites assc-
ciated with one major rescarch-based pharmaceutical cnmpany decided that it was worth running the gauntlet to pursue upgrading the
cn-site incineration capacity at their facilities. Although favorable pricing for many (but not all) waste streams was available at the larg -
er commercial incinerator facilities, on-site processing 'vas selected because of liability issues associated with off site shipments.

At one of those plant sites, there exist three inciner.tors that span the evolutionary process - the retrofit of an existing stepped hearth
incinerator, decommissioning of a rotary kiln, and the construction/operation of a new rotary kiln from scratch. These three units are used
to process the site’s general plant trash, off-spec pharm..ceuticals and their byproducts, low level radioactive waste, infectious materia's
and other manufacturing waste streams. There are disti.act advantages and diszdvantages associated with each of these machines, with
regard to cost, throughput, maintenance and operation.

Each of these three incinerators is unique, and the associated issues are diverse, yet instructive.

THE UPGRADING OF THE UICS LARGEST MUNICIPAL EFW FACILITY AT
EDMONTON, LONDON TO MEET NEW EMISSION LIMITS AND PROPOSED EC

YEAR 2001 STANDARDS
Brian M. Heap
Managing Director
PROCEDAIR LTD
Midland House, Ounsdale Road
Wombourne, Wolverhampton
West Midlands WVS 8BY
England

ABSTRACT

The beginning of the 1990’s saw a major shift in the control of environmental pollution in the UK. The main reason for this was the
introduction of the Environmental Protection Act (1990) legislation which became law in April 1991.

Whilst this was to influence all sectors of industry to some degree, it was to have significant impact on the waste incineration sec-
tor. The scale of the impact can be judged against the fact that of the 30 municipal waste incineration (MWI) facilities operating in 1991,
only 3 would be operational as upgraded by 1 December 1996 deadline. The other 27 were either closed (20), being upgraded (1), total-
ly rebuilt (1) or in the process of being totally rebuilt (5). One new plant on a new site was also operational.

One of the three facilities which were upgraded was the largest in the UK at Edmonton, North London, which treated over 500,000
Te/year of municipal waste and exported 32 MW of electricity.

The project involved change of ownership, financing, competitive tendering and contract implementation and completion.

This was a major challenge in itself which was compounded by several delays in the pre-contract stage, cuiminating in only 16
months being left available for the design, fabrication, installation and commissioning of a £15 million ($24 million) retrofit on a fully
operational plant.

Despite this, the project was completed both on time and in budget and more importantly, the performances achieved during accep-
tance testing established a new set of benchmarks and ensured the facility could meet emission requirements proposed for the year 2001.

The selection decisions made the experiences gained and the operating results will be explored in the paper and its presentation.
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